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  Zusammenfassung 
Für die Entstehung von Gebärmutterhalskrebs (Zervixkarzinom) ist eine persistierende Infektion mit 
humanen Papillomviren (HPV) der Hochrisiko-Gruppe die entscheidende Voraussetzung. Häufig erfolgt 
später eine Integration der viralen DNA in das Genom der Wirtszellen. Durch die Integration wird meistens 
das virale E2-Gen zerstört oder deletiert, wodurch es zur Deregulation der in der „upstream regulatory 
region“ (URR) gestarteten Transkription der viralen Onkogene E6 und E7 kommt. Einen zusätzlichen 
Einfluss auf den Mehrstufenprozess der Zervixkarzinogenese kann die integrierte HPV-DNA ausüben, 
indem wichtige zelluläre Gene durch Insertionsmutagenese verändert werden. HPV16 ist der häufigste und 
HPV68 ein seltener Hochrisiko-HPV-Typ. HPV16 kommt in ungefähr 55 % der weltweit untersuchten 
Zervixkarzinome vor, HPV68 in weniger als 1 %. In dieser Arbeit wurden in Zervixkarzinom-Zelllinien und 
in klinischen Proben von Zervixabstrichen die DNA-Strukturen von HPV68 bestimmt sowie HPV16-
Integration und Sequenzen des E1-E2-Genbereichs mittels der neuen ASP16-Strategie („amplification 
selection pyrosequencing of HPV16“) analysiert. 
HPV68 wird in zwei Subtypen, a und b, unterteilt. Besonderes Merkmal von HPV68b ist das Vorkommen 
als integrierte DNA in der Zervixkarzinom-Zelllinie ME180. Die davon abgeleitete Linie ME180R, 
resistent gegenüber Wachstumsinhibition durch Tumor-Nekrose-Faktor alpha (TNFalpha), weist partielle 
Deletionen in der integrierten HPV68b-DNA auf. In dieser Arbeit wurden die kompletten Strukturen der 
integrierten HPV68b-DNA in ME180 und ME180R bestimmt. ME180-Zellen enthalten zwei unvollständige 
Kopien von HPV68b, die in einer einzigartigen Kopf-Kopf-Anordnung integriert vorliegen. Durch 
Selektion von zwei neuen TNFalpha-resistenten ME180-Sublinien konnte gezeigt werden, dass die 
Umlagerungen und partiellen Deletionen der integrierten HPV68b-DNA in ME180R nicht wesentlich für 
den TNFalpha-resistenten Phänotyp sind. Aus einer CIN2-Krebsvorstufe (zervikale intraepitheliale 
Neoplasie Grad 2) wurden ein komplettes und ein mutiertes HPV68b-Genom isoliert, kloniert und 
sequenziert. Das mutierte Genom, das eine 1,2 kb große Deletion im E1-Gen aufweist, liegt wahrscheinlich 
integriert vor. In elf HPV68-positiven klinischen Proben wurde das virale Genom durch partielle URR-
Sequenzierung untersucht. Eine Probe enthielt HPV68a, die anderen zehn Proben enthielten HPV68b-
Varianten, von denen neun vorher unbekannt waren. Die Ergebnisse zeigen, dass HPV68b häufiger als 
HPV68a und in vielen molekularen Varianten vorkommt. 
Die ASP16-Strategie wurde entwickelt zur gleichzeitigen Bestimmung von HPV16-Integrationsstellen in 
einer Vielzahl von klinischen DNA-Proben. ASP16 besteht aus vier Hauptschritten: GenomePlex 
Gesamtgenom-Amplifikation, Anreicherung von HPV16 E1-E2-Sequenzen, Roche/454 GS-FLX 
Pyrosequenzierung, und Daten-Analyse. In dieser Arbeit wurden Computerprogramme zur ASP16-
Datenanalyse entwickelt und eingesetzt. Die ASP16-Strategie wurde weiter optimiert und zur Analyse von 
25 HPV16-positiven Proben eingesetzt. Es wurden längere Einzelsequenzen als vorher sowie eine 
Sequenzabdeckung von 89 % erreicht. HPV16-Integrationsstellen konnten in 3 von 4 Zelllinien und in 6 
von 21 klinischen Proben identifiziert werden. Die in den klinischen Proben identifizierten HPV16-
Integrationsstellen liegen alle in oder in der Nähe von zellulären Proto-Onkogenen oder 
Tumorsuppressorgenen. Diese Befunde unterstützen die Vermutung, dass die HPV-Integration durch 
Veränderungen krebsrelevanter zellulärer Gene zur Zervixkarzinogenese beitragen kann. Die hohe 
Sequenzabdeckung im E1-E2-Bereich ermöglichte auch die Bestimmung von HPV16-Varianten. Die 
ASP16-Strategie ist die erste Methode, die „next generation sequencing“-Technologien mit der 
Bestimmung von HPV-Integrationsstellen im Multiplex-Format kombiniert. ASP16 ermöglicht damit die 
serienmäßige Analyse von HPV16-Integrationsstellen in klinischen Proben und liefert gleichzeitig E1-E2-
Sequenzen zur Bestimmung von Mutationen und Varianten. 
 
  Abstract 
Persistent infection with high-risk human papillomavirus (hr-HPV) is essential for cervical 
carcinogenesis, and is frequently followed by integration of the viral DNA into the host genome. 
Upon integration, the viral E2 gene is usually disrupted or deleted leading to deregulated 
transcription of the E6/E7 oncogenes from the upstream regulatory region (URR). Integrated HPV 
DNA may also affect critical cellular genes through insertional mutagenesis, which can contribute 
to the multi-step process of cervical carcinogenesis. HPV16 is the most frequent and HPV68 is a 
rare hr-HPV type, present in about 55% and less than 1% of cervical carcinomas worldwide, 
respectively. In this work, HPV68 DNA structures in cervical carcinoma cell lines and clinical 
samples were analyzed. HPV16 integration and E1-E2 sequences were studied using the novel 
“amplification selection pyrosequencing of HPV16” (ASP16) strategy. 
HPV68 is divided into two subtypes, a and b. A hallmark of HPV68b is its presence as integrated 
DNA in the cervical carcinoma cell line ME180. In the mutant cell line ME180R, selected for 
resistance to growth inhibition by tumor-necrosis-factor alpha (TNFalpha), partial deletions in the 
integrated HPV68b DNA had been detected. In this study, the complete structures of the 
integrated HPV68b in ME180 and ME180R have been determined. ME180 cells contain two 
disrupted HPV68b copies, integrated in a unique head-to-head arrangement into chromosome 
18q21. By selection of new TNFalpha-resistant ME180 sub-lines, it was found that the 
rearrangements and partial deletions of HPV68b in ME180R are unnecessary for the TNFalpha-
resistance phenotype. In addition, a full-length and a mutant HPV68b genome were isolated from 
a cervical intraepithelial neoplasia grade 2 (CIN2) precursor lesion, cloned and completely 
sequenced. The mutant genome carrying a 1.2-kb deletion in the E1 gene is probably integrated. 
Based on partial URR sequences, ten HPV68b variants, nine of them new, and one HPV68a 
variant have been identified in eleven clinical samples, suggesting that HPV68b is more widely 
distributed than HPV68a and is present in a multitude of molecular variants. 
ASP16 was developed for simultaneous determination of HPV16 integration junctions in multiple 
clinical DNA samples. It consists of four main steps: GenomePlex whole genome amplification, 
HPV16 E1-E2 sequence enrichment, Roche/454 GS-FLX pyrosequencing, and data analysis. In 
this work, computer programs for ASP16 data analysis were developed and applied. The ASP16 
strategy was further optimized and used for the analysis of 25 HPV16-positive samples. The 
optimized ASP16 delivered longer sequence read lengths and 89% average sequence coverage. 
HPV16 integration junctions were identified in 3 out of 4 cell lines, and 6 out of 21 clinical 
samples. The HPV16 integration sites identified in the clinical samples are all located near cellular 
proto-oncogenes or tumor suppressor genes, supporting the assumption that HPV integration 
contributes to cervical carcinogenesis by altering cancer-relevant cellular genes. The high E1-E2 
sequence coverage also allowed HPV16 variant assignments. Altogether, the ASP16 strategy, 
which is the first method combining next generation sequencing technologies with HPV 
integration analysis in a multiplex format, shows the potential to identify HPV16 integration 
junctions in series of clinical samples in parallel and at the same time provides E1-E2 sequences 
suitable for mutation/variant analysis. 
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1. Introduction 
 
1.1 Human papillomavirus and cervical cancer 
 
Cervical cancer is the third most frequent cancer in women worldwide; with the current 
number of new cases annually over 500,000 and the number of death over 270,000 (de 
Sanjose et al, 2010; WHO/ICO Information Centre on HPV and Cervical Cancer (HPV 
Information Centre), 2010). Human papillomaviruses (HPVs) are detected in 99.7% of 
cervical cancer worldwide (Walboomers et al, 1999). It was established that infection 
with HPV is a necessary cause of cervical cancer (Trottier & Franco, 2006; Walboomers 
et al, 1999; zur Hausen, 2002), and Prof. Harald zur Hausen was awarded the 2008 Nobel 
Prize in Physiology and Medicine for his discovery of HPV causing cervical cancer. 
HPVs are classified into “types”, “subtypes” and “variants” based on the difference in 
nucleotide sequence of the L1 gene, with at least 10%, between 2-10% and maximally 
2%, respectively (de Villiers et al, 2004). There are over 100 HPV types identified 
(Bernard et al, 2010; de Villiers et al, 2004), infecting cutaneous epithelia and mucosal 
(anogenital) epithelia. The genital HPVs, which cause benign and malignant lesions in the 
anogenital tract, are classified according to their potential to induce malignant 
transformation into high-risk and low-risk types (hr-HPV and lr-HPV). Fifteen HPV types 
are considered as high-risk: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82 
(Jacobs et al, 1995; Munoz et al, 2003). HPV16 and HPV18 are the two most prevalent 
genital HPVs, detected in ~50% and ~15% of cervical cancer worldwide, respectively 
(Castellsague, 2008; Li et al, 2010). 
 
There are two major cervical cancer types, squamous cell carcinomas (SSCs) and 
adenocarcinomas. SSCs, accounting for almost 90% of cervical carcinomas (Vizcaino et 
al, 1998), develop from non-invasive precursor lesions, called cervical intraepithelial 
neoplasias (CINs) or squamous intraepithelial lesions (SILs) (Schiffman et al, 2007; 
Snijders et al, 2006). CINs, classified based on tissue histology, are divided into three 
grades, CIN1-3. SILs are classified into low and high grade, LSIL and HSIL, according to 
the Bethesda classification (Solomon et al, 2002). Figure 1.1 illustrates the different 
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developmental stages of squamous epithelium from normal to cancer, in combination with 
CINs and SILs grades. 
 
 
Figure 1.1: Model of histologically classified cervical squamous lesions. Taken from (Snijders et al, 
2006). Morphological alterations of different development stages of cervical epithelial lesions are shown in 
comparisons with CIN and SIL classifications. 
 
1.2 HPV genome organization 
 
HPVs are small, non-enveloped DNA viruses. Their genomes are double-stranded DNA 
of about 8 kb encoding 8 genes, which are transcribed as polycistronic mRNAs from one 
DNA strand (Figure 1.2). These circular genomes are also called episomes. The HPV 
genome is composed of three regions: the non-coding upstream regulatory region (URR), 
and the protein-coding early and late regions.  
 
The URR contains the origin of viral DNA replication, enhancer elements with binding 
sites for many cellular and viral transcriptional activators and repressors, and the early 
promoter (P97 in HPV16) at which transcription of the early genes is initiated (Park et al, 
1995). The HPV16 P97 promoter (equivalent to HPV31 P99 and HPV18 P105), located 
upstream of ORF E6, is responsible for the expression of almost all early genes, whereas 
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the HPV16 P670 promoter, located within ORF E7, is responsible for the late gene 
expression (Zheng & Baker, 2006). The early promoter is controlled primarily by cis-
elements in the URR. 
 
The early region contains six early genes E6, E7, E1, E2, E4 and E5. The E1 and E2 
genes encode proteins involved in the initiation of viral DNA replication (McBride, 
2008). E1 encodes the primary viral DNA replication initiator protein, consisting of an N-
terminal domain, a DNA-binding domain, an oligomerization domain and a C-terminal 
helicase domain (McBride, 2008; Stenlund, 2003). In the process of initiation of viral 
DNA replication, a dimer of the E1 protein cooperates with a dimer of the E2 protein and 
bind to the adjacent E1 and E2 binding sites (E1BS and E2BS) on the replication origin in 
the URR. The complex with E2 allows E1 to bind to the origin with higher specificity 
(Stenlund, 2003). When the E2 protein dimer is cut off from the complex through ATP 
hydrolysis by E1, additional E1 molecules are incorporated into the existing E1 dimer to 
form double E1 hexamers (Stenlund, 2003). The E1 hexamers melt and unwind the origin 
through ATP-dependent helicase activity, and when associated with the cellular DNA 
synthesis machinery, such as DNA polymerase alpha-primase, new viral DNA can be 
synthesized (McBride, 2008; Stenlund, 2003). The E2 multi-functional protein consists of 
three domains: the N-terminal transactivation domain (TAD), the non-conserved hinge 
region, and the C-terminal DNA binding domain (Ham et al, 1991). Apart from its 
involvement in the viral DNA replication initiation, E2 protein plays an important role in 
the regulation of viral promoter activity through several E2BSs in the URR (McBride, 
2008). It had been demonstrated that the E2 of the bovine papillomavirus type 1 (BPV1) 
can activate early gene transcription (Spalholz et al, 1985; Thierry & Yaniv, 1987). When 
E2 binds to the E2BSs overlapping key promoter elements, such as TATA box and SP1 
binding site, it represses viral transcription (McBride, 2008; Thierry, 2009). Another 
essential function of E2 is partitioning and maintaining the replicating viral episomes. The 
E2 protein binds to E2BSs in the URR of the episomes and attaches them to mitotic 
chromosomes, ensuring that the episomes are maintained within the nuclear envelope 
after mitotic and segregated evenly between daughter cells (McBride et al, 2006).  
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Figure 1.2: HPV16 genome organization. Adapted from Fig. 2 of (Doorbar, 2006). HPV16 genome is 
shown in circular form. The open reading frames (start to stop codon) of early genes (red and blue bars) and 
late genes (green bars) are indicated. Locations of the E1 binding site (E1BS), four E2 binding sites (E2BS 
#1-4), the SP1 binding site (SP1), TATA box and P97 in the non-coding upstream regulatory region (URR) 
are shown on top. P97 and P670: promoters. PAE: early polyadenylation site. 
 
ORF E4 is located in the early region, embedded into the E2 region, but encodes a late 
gene product. Since ORF E4 does not contain a start codon, the E4 protein is translated 
from a transcript E1^E4. The E4 protein, also called E1^E4, therefore, carries five N-
terminal amino acid residues from ORF E1. E4 protein is associated with the intermediate 
filament network of upper epithelial cells resulting in keratin reorganization and keratin 
depletion, and it may be involved in the release of mature virions from the infected cells 
(Doorbar et al, 1991; McIntosh et al, 2010; Wang et al, 2004). The E6, E7 and E5 genes 
encode viral oncoproteins (Moody & Laimins, 2010), with E6 and E7 playing the major 
roles in HPV-induced carcinogenesis. E6 protein binds to and facilitates the degradation 
of the tumor suppressor protein p53 (Werness et al, 1990). E7 protein binds to and 
facilitates the degradation of the tumor suppressor retinoblastoma protein (pRb) (Boyer et 
al, 1996; Chellappan et al, 1992). E5 protein supports cell cycle progression, and has 
weak transforming activity (Fehrmann et al, 2003; Maufort et al, 2010). 
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The late region contains two late genes L1 and L2, encoding the viral major and minor 
capsid proteins which encapsidate newly synthesized viral episomes (Moody & Laimins, 
2010). 
 
1.3 HPV integration and cervical carcinogenesis 
 
Persistent infection with hr-HPV is an essential prerequisite for cervical carcinogenesis 
(zur Hausen, 2002). Expression of E6 and E7 genes is necessary but not sufficient to 
cause cervical carcinomas, and additional viral and cellular genetic alterations are 
required (zur Hausen, 1999). The progression from normal histology to invasive cancer is 
a multi-step process, as shown in Figure 1.3 (reviewed in details by Schiffman et al, 2007; 
Snijders et al, 2006; zur Hausen, 2000). After infection with hr-HPV, persistent 
expression of viral DNA combined with other factors leads to the development of 
precursor lesions, LSIL and HSIL (or CIN1-3). During these stages, the majority of the 
lesions can spontaneously regress (Chan et al, 2003; Ho et al, 1998; Nasiell et al, 1986). 
In some high-grade lesions, integration of hr-HPV into the host genome takes place. The 
integration, combined with additional cellular genetic alterations, induces genomic 
instability leading to progression toward invasive cancer. 
 
In productive HPV infection (reviewed in details by Doorbar, 2005), the HPV DNA is 
maintained as episome of about 50-100 copies/cell (Stanley et al, 1989) in differentiating 
cells arising from the basal epithelial layer. During this stage, the expression of E6/E7 
oncogenes is highly regulated and does not pose any risk toward cancer progression. This 
is because the viral oncogenes are expressed in the cells that are migrating from the inner 
layer to the outer epithelium, and eventually, these cells will be shed from the body. As 
the lesions progress, integrated HPV DNA can be detected: 5% in HSIL and 81% in 
cervical cancers (Cullen et al, 1991). These numbers suggested the importance of HPV 
integration as a major event before progression into cancer, and the integration of hr-HPV 
has been shown to be an important indication of progression to invasive cancer (Hopman 
et al, 2004). 
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Figure 1.3: Multi-step progression to cervical cancer. Adapted from (zur Hausen, 2000). The scheme 
shows the progression from infection to invasive cancer. The factors contributing to progression (red and 
blue boxes) are shown in parallel with the histological stages (black boxes). Most of the lesions 
spontaneously regress back to normal as indicated by green arrows.  
 
Upon integration, the episomal HPV DNA is disrupted and inserted into human 
chromosomes. The HPV breakpoints usually locate in the E1-E2 and L1-L2 regions. In 
integrated HPV DNA, E2 and/or E1 genes are often disrupted or deleted while URR, E6 
and E7 genes always remain intact (Schwarz et al, 1985) (Figure 1.4). Since E2 represses 
the early promoter activity, the loss of E2 due to HPV integration allows transcriptional 
activation of E6/E7 oncogenes from the early promoter. HPV integration leads to 
increased level and stability of transcripts encoding the E6/E7 oncogenes (Jeon & 
Lambert, 1995), and to growth advantage of the cells (Jeon et al, 1995). Furthermore, it 
has been shown that disruption of E1 or E2 increases the capacity of HPV16 to 
immortalize cells (Romanczuk & Howley, 1992). Since the viral polyadenylation signal 
sequence (PAE) is missing due to integration, transcription of the E6/E7 oncogenes from 
the integrated HPV DNA continues until the next polyadenylation signal in the cellular 
DNA. This results in viral-cellular fusion transcripts. From the spliced viral-cellular 
fusion transcripts, the E6/E7 oncoproteins are expressed (Schneider-Gadicke & Schwarz, 
1986; Smotkin & Wettstein, 1986).  
 
HPV integration may lead to alterations of cellular genes through insertional mutagenesis. 
These alterations, especially the activation of cellular proto-oncogenes or inactivation of 
cellular tumor suppressor genes, could also contribute to cervical carcinogenesis. The 
integration of HPV DNA into human chromosomes occurs randomly, with preference for 
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genomic fragile sites and transcriptionally active regions (Kraus et al, 2008; Thorland et 
al, 2003; Wentzensen et al, 2004). Recurrent HPV integration sites have also been 
reported, in particular, integration within or close to the proto-oncogene c-myc (Couturier 
et al, 1991; Durst et al, 1987; Ferber et al, 2003; Peter et al, 2006; Wentzensen et al, 2002; 
Xu, 2010). MYC gene expression is activated when integrated hr-HPV DNA is located 
within chromosome 8q24 in the myc locus (Couturier et al, 1991; Peter et al, 2006; Xu, 
2010), thus demonstrating activation of a cellular proto-oncogene by insertional 
mutagenesis. An example of the inactivation of a tumor suppressor gene by HPV 
integration is shown in the cervical cell line ME180 where hr-HPV68 is integrated into an 
intron of the potential tumor suppressor gene ZBTB7C (APM1) (Reuter et al, 1998). 
 
 
Figure 1.4: Viral oncogenes E6/E7 expression from integrated HPV DNA. An intact HPV16 episome is 
shown on top. The integrated DNA, flanked by cellular DNA (black lines), is shown in the lower portion. 
Splice donor and splice acceptor signals located in the primary transcript are indicated with small vertical 
black arrows. P97 and P670: early and late promoters. PAE: early polyadenylation signal. 
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1.4 Identification of HPV integration sites with the novel ASP16 strategy  
 
Several methods have been developed for determining the location and structure of 
integrated HPV DNA. Fluorescence in situ hybridization (FISH) has been used to locate 
integrated HPV in the chromosomes and also to estimate the copy number of the 
integrated HPV (Callahan et al, 1992; Hopman et al, 2004; Mincheva et al, 1987). Based 
on the presence of viral-cellular transcripts produced from integrated HPV (Schneider-
Gadicke & Schwarz, 1986), an RT-PCR method, named “amplification of papillomavirus 
oncogenes transcripts” (APOT) has been established which allows identification of 
integrated HPV and the chromosomal location from the cDNA sequences of the hybrid 
mRNA transcripts (Klaes et al, 1999). PCR-based methods for genomic DNA analysis 
were also developed, allowing the exact sequences of the HPV integration junctions to be 
determined (Kalantari et al, 2001; Luft et al, 2001). These methods require extensive 
laboratory works and the analysis is performed sample by sample.  
 
In our group, another PhD student, Bo Xu, had started developing a novel PCR-based 
strategy for simultaneous determination of the 3’junction of integrated HPV (see Figure 
1.4) of multiple DNA samples in one experiment. The strategy is called “Amplification 
Selection Pyrosequencing of HPV16”, abbreviated ASP16 (Xu, 2010). The principle of 
the ASP16 analysis includes four main steps: (1) amplification of the genomic DNA from 
HPV16-positive cervical lesions using GenomePlex whole genome amplification, (2) 
enrichment of HPV16 DNA by linear amplification and HPV16-specific multiplex PCR,  
(3) Roche/454 GS-FLX pyrosequencing, and (4) data analysis. The strategy is described 
in details in (Xu, 2010), and illustrated in Figure 1.5. Briefly, 10-30 ng total DNA of each 
DNA sample is amplified using GenomePlex Whole Genome Amplification (Sigma 
Aldrich) where the genomic DNAs are chemically fragmented, ligated with the 
GenomePlex universal adapter (GPUA) at both ends, and amplified by PCR. The 
amplified DNA product of each DNA sample, called OmniPlex library, is composed of 
amplified randomly fragmented total DNA with the GPUA attached at both ends. To 
enrich HPV16 DNA, a set of biotin-labelled HPV16-specific forward primers is used to 
linearly amplify HPV16 DNA-containing molecules from each OmniPlex library in two 
multiplex reactions, each reaction composed of eight HPV16 primers. These primers span 
the HPV16 E1-E2 area where the 3’junction between viral and cellular DNA is located 
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(see Figure 1.4). The linear amplification products are purified using streptavidin-coated 
magnetic beads. They are then used as templates for semi-nested HPV16 multiplex PCR 
using corresponding bipartite nested forward primer and a tripartite reverse primer. The 
forward primers are composed of the Roche-A sequence and different HPV16 sequences. 
The reverse primers contain the Roche-B sequence, followed by a 4-nt barcode sequence 
used as identification tag for each DNA sample, and the GPUA sequence (see Figure 1.5). 
Roche-A and Roche-B are adapter sequences required in the sequencing step. The HPV16 
multiplex PCR products are sequenced using the next generation sequencing Roche/454 
GS-FLX pyrosequencing system, where individual amplicon molecules are amplified by 
emulsion PCR (emPCR) before being sequenced (http:/www.454.com/) (Metzker, 2010; 
Shendure & Ji, 2008).  
 
 
Figure 1.5: ASP16 strategy. Total DNA molecules are shown at the top. Black and red lines represent 
cellular DNA and HPV16 DNA, respectively. Red dashed arrows represent the biotin-labelled (B) HPV16 
primers. Rectangular boxes represent the bipartite nested forward primers (Roche-A sequence fused with 
different HPV16 primer sequences) and the tripartite reverse primers (Roche-B sequence fused with 4-nt 
unique barcode sequence and GPUA sequence). GPUA: GenomePlex universal adapter. Roche-A and 
Roche-B: Roche adapter sequences. HPV16-boxes represent HPV16 nested primer sequences. BC: barcode. 
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1.5 CGE-DKFZ collaboration program 
 
This PhD work is part of the joint program “Human papillomaviruses and cancer” 
between Cancéropôle du Grand-Est (CGE) and DKFZ. The main goals of the program are 
to unravel mechanisms of HPV-induced carcinogenesis, to identify novel progression 
markers, and to devise innovative therapies for virus-related cancers. We collaborate with 
CGE groups in Reims and Besancon working on HPV integration analysis in clinical 
DNA samples. 
 
In Reims and Besancon, clinical cervical cell samples are collected from women 
participating in routine cervical cancer screening programs. The collected cells are tested 
cytologically using liquid-based ThinPrep system (Bory et al, 2002; Briolat et al, 2007; 
Clavel et al, 2001; Saunier et al, 2008). In the ThinPrep system, cervical cells are 
collected with cytobrushes, then resuspended and fixed in PreservCyt® solution. Cells are 
examined cytologically and classified based on Bethesda classification (Clavel et al, 
2001; Solomon et al, 2002), see Figure 1.1. To determine the presence of hr-HPVs (types 
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68), each cell sample is tested with the 
commercial Hybrid Capture 2 (HC-II) test (Digene). In the samples with hr-HPV, the 
HPV genotypes are determined using the commercial Linear Array (LA) HPV genotyping 
test (Roche) which tests for 15 hr-HPVs, 3 potentially hr-HPVs, 15 lr-HPVs and 4 HPVs 
with undetermined risk (Briolat et al, 2007). Additionally, cell samples are examined for 
DNA aneuploidy using DNA image cytometry because DNA aneuploidy has been 
recognized as a marker for lesions at risk for progression to cancer (Lorenzato et al, 2002; 
Lorenzato et al, 2001). From hr-HPV-positive cell samples, DNA and RNA are isolated 
for further molecular analyses.  
 
For HPV16-positive cell samples, aliquots of the extracted DNAs are used to determine 
the physical status of HPV16 DNA by real-time quantitative PCR (RT-qPCR) of E2 and 
E6 genes (Briolat et al, 2007). The E2/E6 RT-qPCR method has been developed based on 
the gathered reports that the E2 hinge region is usually deleted, while the E6 gene is 
always intact in the integrated HPV16 (Peitsaro et al, 2002). E2 and E6 copy numbers are 
determined by RT-qPCR using E2- and E6-specific primer pairs and probes. The E2/E6 
ratios indicate the HPV16 physical status. An E2/E6 ratio of 1 indicates pure episomal 
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HPV16 DNA, while values <1 indicate the presence of integrated HPV16. Figure 1.6 
shows four examples of HPV16 physical status together with their expected E2/E6 ratio 
values and the percent integration values. Samples with pure episomal HPV16 should 
have 0% integration, samples with only integrated HPV16 100% integration, and samples 
with mixtures of episomal and integrated HPV16 DNA should have integration values of 
>0% to 100%. Cervical DNA samples with high percent integration values were selected 




Figure 1.6: HPV physical status and E2/E6 ratio determined by RT-qPCR. The copy numbers of E6 
and E2 genes (red boxes) are determined by RT-qPCR (Peitsaro et al, 2002). The E2/E6 ratios are indicated. 
Gray boxes represent individual HPV16 copies. Blue lines represent cellular DNA. 
 
1.6 Goals of this work 
 
This PhD work covers the integration analysis of two different hr-HPV types, HPV16 and 
HPV68b. While HPV16 is the most frequently detected type in cervical cancer, HPV68b 
is a rare hr-HPV. Previously in our group, HPV68 subtype b (HPV68b) was identified as 
integrated DNA in the cervical cell line ME180 (Reuter et al, 1991). The reported 
sequence of this integrated HPV68b was determined based on a cloned restriction 
fragment. Further analyses of this cell line, however, showed evidence of a probable 
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cloning-induced deletion in this restriction fragment (Reuter et al, 1991).  Therefore, in 
the beginning of this PhD work, the complete and correct sequence of the integrated 
HPV68b DNA in the cell line ME180 was determined. Additionally, the mutant cell line 
ME180R, which is resistant to growth-inhibition by tumor-necrosis-factor-alpha 
(TNFalpha), was found to contain largely altered integrated HPV68b DNA compared to 
the parental cells ME180 (Elisabeth Schwarz, unpublished data). The question arose 
whether these alterations contribute to the resistance to TNFalpha. Thus, in this work, the 
complete integrated HPV68b DNA sequence in the cell line ME180R was determined, 
and it was investigated whether alterations in the integrated HPV68b are associated with 
resistance to TNFalpha by selecting new TNFalpha-resistant ME180 variants. Since no 
full-length HPV68b genome sequence was available, a complete HPV68b genome was 
isolated from a CIN2 DNA sample, and was sequenced. 
 
In the HPV16 analysis using ASP16 strategy, the Roche/454 GS-FLX pyrosequencing 
system has the capacity to deliver about 210,000 sequence reads per sequencing round for 
the selected format. Such massive amount of data requires computer analysis software for 
data management and interpretation. With my knowledge in computer programming, I 
collaborated with Bo Xu in the ASP16 project and developed computer programs for 
automatically processing and analyzing ASP16 sequence data. Two ASP16 experiments 
had been performed previously (Xu, 2010). Because the strategy required further 
optimization, additional ASP16 experiments were performed as part of this PhD work. 
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2. Results 
 
2.1 Analysis of HPV68-positive cell lines and cervical scrapes 
 
In this study, the complete sequences of the integrated HPV68b in cell lines ME180 and 
ME180R were determined, and a complete genome of HPV68b was cloned from a CIN2 
lesion and sequenced. By determination of sequence polymorphisms in the non-coding 
upstream regulatory region (URR) of HPV68 DNA in different cervical scrapes, new 
HPV68 variants were identified. 
 
2.1.1 Determination of the complete integrated HPV68b sequence in ME180 
The cell line ME180 was established from an omental metastasis of a rapidly spreading 
cervical carcinoma (Sykes et al, 1970). ME180 cells contain HPV68b DNA, integrated 
into chromosome 18q21 (Reuter et al, 1991). The integrated HPV68b in ME180 was first 
cloned and sequenced by Reuter et al (Reuter et al, 1991). The clone contains a SacI 
restriction fragment of 13.1 kb as insert AA13.1. Sequence analysis showed that the 13.1 
kb fragment contains two incomplete copies of HPV68b DNA, named 5’copy and 3’copy, 
flanked by cellular sequences (Figure 2.1). Southern hybridization of SacI-digested 
genomic DNA showed a 20-kb restriction fragment instead of 13 kb (Reuter, 1995). This 
size discrepancy indicated a probable cloning-induced deletion of about 7 kb. According 
to the sequence organization, it was suspected that this deletion occurred in the area of the 
5’ copy of the integrated HPV68b (Figure 2.1). In the previous analyses, it was shown by 
Southern and PCR experiments of ME180 DNA that the full 5’copy probably contains 
ORFs E5, L2, L1, the non-coding URR, ORFs E6, E7 and E1 before the breakpoint in 
ORF E2 is reached (Reuter, 1995; Marco Springer and Elisabeth Schwarz, unpublished 
data).  However, the exact structure and nucleotide sequences had not been determined. 
This was performed as part of this PhD thesis.  
 
To obtain a complete sequence of the integrated HPV68b in ME180, both 5’copy and 
3’copy were amplified by PCR, cloned into plasmid vectors and sequenced. Roche’s 
Expand Long Template PCR System was used for amplification because of its high 
fidelity enzyme and long-range amplification capability. The amplification strategy for 
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both copies is illustrated in Figure 2.2. The 7.2-kb amplified fragment of the 5’copy was 
cloned into vector pCR4-TOPO (Invitrogen, Karlsruhe), the 6.2-kb fragment of the 
3’copy into vector pSC-A (Stratagene, USA). The two clones were sequenced in both 
strands with Big-Dye terminator chemistry on an ABI model sequencer  (Andreas 
Hunziker at the DKFZ Core Facilities). The sequences obtained from both clones (7123 
bp and 6196 bp) were assembled at the overlapping area.  
 
 
Figure 2.1: Previously cloned and sequenced SacI fragment AA13.1 containing integrated HPV68b in 
ME180. The 13.1-kb fragment contains two integrated incomplete copies of HPV68b in head-to-head 
orientation. The 5’copy is indicated by a horizontally striped box, the 3’copy by a white box, and the 
flanking cellular sequences by gray boxes. Red and blue arrows indicate the 5’ to 3’ polarity of the coding 
DNA strand.  The open reading frames (ORFs) are shown in the enlarged segment below. The 5’copy was 
suspected to contain a cloning-induced deletion (circled in dashed red line). This figure is adapted from Fig. 
2 of Reuter et al (Reuter et al, 1991). 
 
 
Figure 2.2: Amplification of the integrated HPV68b in ME180. Two fragments (red and blue lines), 
covering the integrated 5’copy (long red arrow) and 3’copy (long blue arrow) of HPV68b DNA were 
amplified from the genomic DNA of cell line ME180. The two primer pairs are indicated (short red and 
blue arrows) as well as the exact amplicon sizes determined by sequencing. Primers ME-874 and ME-7972 
bind to the cellular DNA of chromosome 18 upstream and downstream of the HPV68b integration site. 
Primers ME-04 and ME-7810 bind to HPV68b DNA. Primer sequences are indicated in Materials and 
Methods. 
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The assembled nucleotide sequence, named HPV68b(int)-ME180, contains 13286 
nucleotides. The sequence is shown in Appendix A1. The genetic organization of 
HPV68b(int)-ME180 is shown in Figure 2.3 and Table 2.1, and the following 
characteristics are emphasized: 
 
1. The two HPV68b copies are integrated in head-to-head orientation into 
chromosome 18 between positions 45578341 (5’ junction) and 45578364 (3’ junction) 
based on sequence accession NC_000018.9, with 22 bp of cellular DNA deleted. 
2. The 5’ copy contains 6993 bp of HPV68b DNA. The 5’copy in AA13.1 has a size 
of only 870 bp (Reuter et al, 1991). This confirms the previous assumption of a cloning-
induced deletion. Viewed in the 5’-to-3’ direction of the coding strand, the 5’copy 
contains 41-bp non-coding sequence, intact ORFs E5, L2 and L1, the 809-bp URR, intact 
ORFs E6 and E7, followed by incomplete ORF E1 and truncated ORF E2. The 
identification of the 41-bp sequence as HPV68b DNA was possible because the sequence 
of a complete HPV68b genome has also been determined in this PhD work (see section 
2.1.4). This sequence is non-coding, located between the E2 stop codon and the E5 start 
codon. The ORF E5 was considered to be complete because it contains the same 222 
nucleotides from the start codon to the stop codon as in the published ORF E5 of HPV68a 
(accession DQ080079). The URR contains a 2-bp gap compared to the 3’copy (Figure 
2.19). The ORF E1 harbors a 64-bp deletion causing a frameshift and a disruption into 
ORFs E1a and E1b (Figure 2.4). The E2 gene carries the integration breakpoint located 
359 bp downstream of the E2 ATG start codon. 
3. The 3’ copy contains 6071 bp of HPV68b DNA. Viewed in the 5’-to-3’ direction 
of coding strand, the 3’copy contains a truncated ORF E5, intact ORFs L2 and L1, intact 
URR, followed by intact ORFs E6 and E7, and a truncated ORF E1. Compared to the 
complete E5 ORF in the 5’copy, the E5 ORF of the 3’copy is truncated, missing the first 
46 bp. The E1 gene is truncated at 1289 bp downstream of the ATG start codon. It is 
joined with a 14-bp sequence derived from ORF E5 before the flanking cellular sequences 
start. 
4. The two viral-cellular junctions in the 5’ and 3’ copies of HPV68b(int)-ME180 are 
identical to those of AA13.1 (Figure 2.3).  
5.  No intact ORF E1 is present in HPV68b(int)-ME180. The E1 of the 3’copy is 
truncated due to integration and the E1 of the 5’copy harbors a 64-bp deletion and 
frameshift (Figure 2.4). Surprisingly, the 64-bp deletion originally identified in AA13.1 in 
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the E1 part of the 3’copy is present in the complete sequence HPV68b(int)-ME180 in the 
E1 part of the 5’copy (Figure 2.3). This indicates complex cloning-induced DNA 
rearrangements in clone AA13.1. In the 5’copy, ORF E1a encodes 116 amino acids with 
108 N-terminal translated from the E1 frame and 8 C-terminal amino acids from a shifted 
frame due to the 64-bp deletion. ORF E1b encodes 555 amino acids, with 43 N-terminal 
residues translated from a shifted frame of E1 due to the 64-nt deletion and 512 C-
terminal residues from the normal frame. In the 3’copy, the truncated ORF E1 encodes 
445 amino acids, with the 430 N-terminal residues translated from E1 sequence, 4 
residues from the partial E5 sequence, and 11 C-terminal residues from cellular DNA. 
The sequence of the complete ORF E1 of HPV68b-ME180 was assembled through 
combination of the E1 sequences in 5’ and 3’ copies. The assembled intact ORF E1 
contains 1923 bp encoding 640 amino acids, the same numbers as ORF E1 of the 
published HPV68a (DQ080079).  
6.  The HPV68b(int)-ME180 contains no intact ORF E2. The ORF E2 in the 5’copy 
is truncated due to integration and E2 is completely deleted in the 3’copy. The ORF E2 of 
the 5’copy encodes 134 amino acids, with 120 N-terminal residues translated from the E2 
gene and 14 C-terminal residues from cellular DNA. By comparison with the complete 
ORF E2 of HPV68a (DQ080079), 754 bp are missing.  
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Figure 2.3: Complete structure of HPV68b(int)-ME180. The previously sequenced clone AA13.1 
(Reuter et al, 1991) is shown at the top for comparison. The top green line represents the published 
sequence (accession M73258) containing the 3’copy of AA13.1, whereas the dashed black line represents 
the sequence of the 5’copy (Elisabeth Schwarz, unpublished). The locations of ORFs in the integrated 
HPV68b are shown at the bottom. Solid-lined red and blue boxes indicate the complete coding region (from 
ATG to stop codon) of each ORF, the dashed red and blue boxes the truncated ORFs. The red and blue 
arrows indicate the direction of transcription for the 5’copy and 3’copy, respectively. The viral-cellular 
junctions in the 5’ and 3’ copies in clone AA13.1 and in the new complete structure are identical (dashed 
purple circles). The E1a-E1b area of AA13.1 is present in the 5’copy of the complete structure (dashed 
green circle). AA13.1 contains 6007 bp HPV68b DNA in the 3’copy due to the presence of the 64-bp 
deletion. The positions of all ORFs are given in Table 2.1. 
 






 Remark HPV68b-CIN2 
(b) 
1-186 186 





182-186  cellular-viral junction (5 bp overlap)   
136-540 405 truncated ORF E2 
(c) 
3031-2673 
467-2002/2134 1536/1668 ORF E1b 
(c)
 2746-1211 
2001/2002  borders of 64-bp deletion 1212/1147 
1975-2325 351 ORF E1a
 (c) 1238-824, 
(del 1211-1148) 
2332-2664 333 complete ORF E7 817-485 
2672-3148 477 complete ORF E6 477-1 
3149-3957 809 URR 7836-7026 
3958-5475 1518 complete ORF L1 7025-5508 
5456-6865 1410 complete ORF L2 5527-4118 
6912-7133 222 complete ORF E5 4071-3850 




7174/7175  junction between 5'copy and 3'copy   
7175-7354 180 truncated ORF E5 3892-4071 
7401-8810 1410 complete ORF L2 4118-5527 
8791-10308 1518 complete ORF L1 5508-7025 
10309-11119 811 URR 7026-7836 
11120-11596 477 complete ORF E6 1-477 
11604-11936 333 complete ORF E7 485-817 
11943-13280 1338 truncated ORF E1 824-2112 
13231  3'end of truncated E1 2112 




13245  viral-cellular junction (1 bp overlap)   
13245-13286 42 
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(a) Because the 5’copy is in opposite orientation, position numbering of the ORFs is from stop codon to 
start codon. In the 3’copy, positions are opposite.  
(b) Complete HPV68b genome isolated from a CIN2 lesion, described in section 2.1.4. 




Figure 2.4: Internal 64-bp deletion and frameshift in ORF E1 of HPV68(int)-ME180. Panel A: Partial 
sequence comparison of E1 gene in the 5’copy and 3’copy. Green characters indicate the 64 bp deleted in 
the 5’copy. The repeated CAATA sequence at the border of the 64 bp deletion is underlined. Panel B: 
Partial nucleotide sequence of ORF E1 in the 3’copy, covering pos. 12243-12422. The 64-bp sequence 
deleted in the 5’copy is shown in green. The E1 protein is translated from frame a. The underlined amino 
acids in frame b indicate the frameshifted residues in ORF E1a of the 5’copy. Panel C: Partial nucleotide 
sequence of ORFs E1a and E1b in the 5’copy covering pos. 2085-1906, shown with translated amino acids. 
The green T-marker indicates the position of the 64-bp deletion. ORF E1a encodes 116 amino acid 
translated from frame-a with 8 C-terminal residues (underlined) originated from another frame in intact 
ORF E1 (see Panel C). ORF E1b is translated from frame-c. Red-color indicates amino acids originating 
from the E1 reading frame.  
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2.1.2 Determination of the complete integrated HPV68b sequence in ME180R 
The cell line ME180R was derived from ME180 cells by selection of subclones resistant 
to growth inhibition by tumor-necrosis-factor-alpha (TNFalpha) (Pfreundschuh et al, 
1989). Comparing the genomic organization of integrated HPV68b in ME180 and 
ME180R by Southern hybridization, large deletions of the integrated HPV68b DNA in 
ME180R became apparent (Figure 2.5; Schwarz, E, Reuter, S and Springer, M, 
unpublished data). Additional mapping and hybridization experiments had been 
performed in the past, but the exact structure of the integrated HPV68b in ME180R had 
not been determined. This task was performed as part of this PhD work. 
 
 
Figure 2.5: Genomic Southern hybridization of ME180, ME180R and ME180S. BamHI-digested 
genomic DNA from cell lines ME180, ME180R (TNFalpha resistant) and ME180S (TNFalpha sensitive) 
were hybridized with an HPV68b DNA probe (L1-L2-URR-E6-E7). The hybridization pattern of ME180R 
is different from the other two cell lines, showing a single fragment smaller than 4.2 kb (red arrow).  
 
Based on the differences in the Southern hybridization patterns (Figure 2.5) together with 
the known locations of BamHI sites in the complete integrated HPV68b(int)-ME180, it 
was deduced that about 6200 bp of HPV68b DNA were deleted in ME180R. To 
determine the exact structure of the integrated HPV68b sequence in ME180R, five 
fragments (R_PCR_1 to R_PCR_5) were amplified using Roche’s Expand Long 
Template PCR System. The primers were selected based on the previously determined 
HPV68b(int)-ME180 sequence. Table 2.2 shows the primer positions and the product 
sizes. The PCR products were cloned into vector pCR4-TOPO (Invitrogen, Karlsruhe), 
and completely sequenced. The sequences of the five fragments were assembled based on 
the overlapping areas (Figure 2.6).  
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The assembled nucleotide sequence, named HPV68b(int)-ME180R, consists of 6544 
nucleotides and is shown in Appendix A1. The genetic organization of the integrated 
HPV68b in ME180R in comparison to ME180 is shown in Figure 2.6 and Table 2.3. 
Important features are explained in the following: 
1. Two large deletions of HPV68b are present, one in the 5’copy (2316-bp deletion) 
and another in the 3’copy (4679-bp deletion). The sequences at the deletion boundaries 
are shown in Figure 2.7. 
2. In the 5’copy, ORF L1 is completely deleted and ORF L2 partially deleted. In the 
3’copy, the complete ORFs L2, L1, URR and E6, and partial E7 ORF (covering 273 bp 
from the ATG start codon) were deleted. The intact URR, together with the complete 
ORFs E6 and E7 are present in the 5’copy. Therefore, the oncogenes E6/E7 can only be 
expressed from the 5’copy.  
3. Sequence comparison demonstrated that the region containing the head-to-head 
viral junction is reversed (Figure 2.6). The complete ORF E5 is present. However, in 
comparison to HPV68b(int)-ME180, it contains two point mutations, one of them 
changing a TGG into a TAG premature stop codon (Figure 2.8). Therefore, the E5 protein 
is shortened by 12 amino acids. 
4. The URR in the 5’copy is shortened by four bp at the 5’end (Figure 2.7), and 
contains a 2-bp insertion (Figure 2.19), when compared with the URR of the 
HPV68b(int)-ME180 5’copy.  
 




5'end position in  
HPV68b(int)-ME180 
ME180 PCR 
calculated product size 
ME180R PCR  
product size*** 
ME-01 -247 (F) 
R_PCR_1 
ME-6805 2209 (R) and 12059 (F) 
2456 bp ~2.5 kb 
ME-7094 1924 (F) and 12408 (R)  
R_PCR_2 
ME-7810 7091 (F) 
5318 bp ~2.2 kb 
ME-1349 3775 (F) and 10491 (R)  
R_PCR_3 
ME-7972 13286 (R)  
9512 bp ~2.5 kb 
ME-7718 6999 (R) and 7267 (F) 
R_PCR_4 
ME-7094 1924 (F) and 12408 (R)  
5076 bp (5'copy) 
5142 bp (3'copy) 
~1.3 kb 
ME-6651 2367 (R) and 11901 (F)  
R_PCR_5 
ME-7972 13286 (R)  
1386 bp ~1.4 kb 
* Genomic DNA of ME180R was used as template. 
** Primer sequences are given in Materials and Methods. 
*** Estimated sizes from agarose gel. 
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Figure 2.6: Structure of HPV68b(int)-ME180R in comparison with HPV68b(int)-ME180. The two 
large deletions in the 5’copy and 3’copy are shown. As indicated by the arrows, the viral-viral junction area 
(middle) is reversed in ME180R. BamHI restriction sites are indicated by green vertical arrows, and the 
sizes of the BamHI restriction fragments deduced from the nucleotide sequences are given. At the bottom 
part, regions covered by the five PCR products of ME180R are indicated together with the PCR sizes. 
 
Table 2.3: Sequence organization of HPV68b(int)-ME180R in comparison with HPV68b(int)-ME180. 
HPV68b(int)-ME180 HPV68b(int)-ME180R 
Retained and deleted 





flanking cellular DNA of chrom.18  
pos. 45578156-341 (NC_000018.9) 
248-433 
182-186 cellular-viral junction (5 bp overlap) 429-433 
136-540 truncated ORF E2 383-787 
467-
2002/2134 
ORF E1b 714-2249/2381 
2001/2002 borders of 64-bp deletion 2248/2249 
1975-2325 ORF E1a 2222-2572 
2332-2664 complete ORF E7 2579-2911 
2672-3148 complete ORF E6 2919-3395 







ME180    1-3953 
3958-5475 complete ORF L1 deleted: ME180 3954-6269 (2316 bp) 
5456-6865 complete ORF L2 
5133-4538 (inversed 
and truncated) 
6912-7133 complete ORF E5 4491-4270 (inversed) 
7174/7175 junction between 5'copy and 3'copy 4229/4228 (inversed) 





ME180R 4206-5133  
ME180  7197-6270 
7401-11596 complete ORFs L2, L1, URR, E6 deleted: ME180 7198-11876 (4679 bp) 
11604-11936 complete ORF E7 5135-5194 (truncated) 
11943-13280 truncated ORF E1 5201-6538  
13231 3'end of truncated E1  6489 
13232-13245 part of ORF E5  6490-6503 
13245 viral-cellular junction (1 bp overlap)  6503 
13245-13286 
flanking cellular DNA of chrom.18  




ME180R  5135-6544 
ME180  11877-13286 
* Compared to HPV68b(int)-ME180.  
(a) see footnote of Table 2.1.  
(b) contains a 4-bp deletion at the 5’end of the URR and a 2-bp insertion (see text and Figure 2.7). 
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Figure 2.7: Nucleotide sequences at the deletion boundaries in ME180R. The top and bottom parts show 
the nucleotide sequence comparisons between the integrated HPV68b in ME180 and ME180R at the 5’copy 
and 3’copy deletion areas, respectively. The arrows represent the direction of transcription. The first four 
basepairs of the URR are deleted in ME180R (red). Three additional nucleotides (underlined TAC) are 
present in the 5’copy deletion area of ME180R, and a single additional nucleotide (underlined C) in the 
3’copy deletion area. 
 
 
Figure 2.8: ORF E5 with premature stop codon in ME180R. Panel A: ORF E5 of ME180R is shown in 
comparison with ME180 5’copy. Point mutations  in ME180R are colored in blue and red. Panel B: Partial 
translation of ORF E5 of ME180R containing missense (blue) and nonsense (red) mutations. Panel C: 
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2.1.3 Isolation and analysis of TNFalpha-resistant cells from ME180 
The complete sequence of the integrated HPV68b in the TNFalpha-resistant ME180R 
cells revealed that the HPV68b DNA is highly altered, especially by two large deletions, 
in comparison to the integrated HPV68b in the parental ME180 cells. Therefore, it was 
the question whether these two large deletions might contribute to the TNFalpha-resistant 
characteristics of ME180R cells. To investigate this issue, TNFalpha-resistant cells were 
independently isolated from the parental ME180 cells. The selection procedure is 
described in Figure 2.9. Two TNFalpha-resistant variants, ME180-2A and ME180-3A, 
were obtained. 
 
The two newly derived variants were tested in a cytotoxicity assay with different 
concentrations of TNFalpha to determine their resistance to TNFalpha, compared with 
ME180 and ME180R cells. The surviving cells (cell viability) of the four cell populations 
after TNFalpha treatment were stained with crystal violet and their absorbance measured 
at wavelength 560 nm (Table 2.4). The calculated percentage values of cell viabilities are 
shown in a graphical form in Figure 2.10. Compared to the parental ME180 cells, the 
ME180R and the two isolated variants ME180-2A and ME180-3A are highly resistant to 
TNFalpha. Both variants showed comparable resistance to TNFalpha as ME180R. 
 
 
Figure 2.9: Isolation of TNFalpha-resistant variants from parental ME180 cells. ME180 cells were 
continuously treated with two different concentrations of TNFalpha for 18 weeks. Variants ME180-2A and 
ME180-3A were obtained from the pooled cells after the treatment with 5 nM and 10 nM TNFalpha, 
respectively. ME180R was previously selected (Pfreundschuh et al, 1989). 
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If the two large deletions in the integrated HPV68b in ME180R contribute to the 
TNFalpha-resistance phenotype, then the two newly isolated TNFalpha-resistant variants 
should contain some deletions as well. A genomic Southern hybridization was performed 
to compare the structures of integrated HPV68b in ME180, ME180R, M180-2A and 
ME180-3A. The results are shown in Figure 2.11. The HPV68b hybridization patterns of 
variants ME180-2A and ME180-3A were identical to that of ME180, demonstrating that 
deletions are not present. From these data, it can be concluded that the two large deletions 
in ME80R are not causally linked to the TNFalpha-resistant growth phenotype. 
 
Table 2.4: Cell viability measurements for TNFalpha resistance of ME180, ME180R, ME180-2A and 
ME1803A. 
 
(a) The cells, seeded at densities of 5000 or 10000 cells/well, were treated in triplicates for each TNFalpha 
concentration. Gray highlighted value is excluded from the average and percentage calculation. 
(b) Each value is an average of the same cell population, treated with the same TNFalpha concentration. 
(c) Percentage based on cells in absense of TNFalpha (0 nM) for each cell population. 
 
 
Figure 2.10: Cell viability for TNFalpha resistance of ME180, ME180R, ME180-2A and ME180-3A. 
The cell viabilities, determined as percentages of the number of cells after TNFalpha treatment (2.5, 5 and 
10 nM) over the control (0 nM) of each cell population, are shown. The values of this plot are indicated in 
Table 2.4, Panel C.  
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Figure 2.11: Southern hybridization analysis of integrated HPV68b in ME180, ME80R, ME180-2A 
and ME180-3A. BamHI-digested genomic DNA from ME180, ME180R, 2A and 3A were hybridized with 
an HPV68b DNA probe (L1-L2-URR-E6-E7). The sizes of the hybridized fragments are indicated. 
 
2.1.4 Cloning and sequencing of a complete HPV68b genome from a CIN2 lesion 
Because a complete sequence of HPV68b could not be assembled from the two 
incomplete copies of HPV68b(int)-ME180 and also was not available from the literature, 
it was aimed to clone and sequence a complete HPV68b genome from a cervical lesion. 
Through the DKFZ-CGE collaboration, an HPV68-positive DNA sample of a CIN2 
lesion was provided. The DNA was amplified with phi29 DNA polymerase, in the process 
called multiple displacement amplification (MDA), because the original DNA amount 
was not enough for further analysis. The original DNA of this CIN2 sample is referred to 
as original-CIN2, and the amplified product as MDA-CIN2. 
 
To determine whether the CIN2 sample contained HPV68b and not HPV68a, a partial 
sequence of ORF L1 was determined. Sequence differences between HPV subtypes are in 
the range of 2-10% in the L1 gene, whereas variants differ only by less than 2% (de 
Villiers et al, 2004). The 3064-bp region covering the HPV68 ORFs L2-L1 was amplified 
from MDA-CIN2 DNA (Figure 2.12). The product was cloned and sequenced from one 
end with the reverse primer as the sequencing primer. The sequence of 798 bp covering 
part of ORF L1 (Figure 2.12) was used for comparison with the corresponding region of 
HPV68b(int)-ME180 and HPV68a (DQ080079). The 798-bp sequence of the CIN2 
sample showed 99% sequence identity to HPV68b(int)-ME180 3’copy (793 out of 798 
nucleotides) and 91% to the HPV68a (732 out of 798 nucleotides). This result 
demonstrated that the CIN2 sample contains subtype HPV68b. In addition, analysis by the 
HPV Luminex assay (Schmitt et al, 2006) indicated that the CIN2 DNA contains HPV68b 
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as single HPV type. Therefore, the CIN2 DNA was used as source for isolation of the 
complete HPV68b genome. 
 
To amplify the complete HPV68b genome from the CIN2 sample, two primer pairs were 
initially used (Figure 2.13, panel A) with MDA-CIN2 as template, using the Expand Long 
Template PCR System. The two primer pairs locate about 600 bp apart. From both primer 
pairs, products of ~8 kb were obtained (data not shown). Attempts to directly clone these 
two fragments into a TA vector failed. However, it was discovered during the cloning 
attempts that an EcoRI restriction site is present in the HPV68b-CIN2 genome (Figure 
2.13, panel A). After EcoRI cleavage of the ~8 kb PCR products, the EcoRI site could be 
located in the L1 gene. An 851-bp area covering the suspected EcoRI site was amplified, 
cloned and sequenced. The sequence revealed an EcoRI site 390 bp downstream of the L1 
start codon. 
 
New primers flanking the EcoRI site were designed based on the 851-bp sequence, and 
were used to amplify the complete HPV68b-CIN2 genome from MDA-CIN2 DNA 
(Figure 2.13, panel B).   The expected ~8 kb product was obtained, but also a smaller 
product of ~7 kb (Figure 2.13, panel B). The 8 kb and 7 kb fragments were digested with 
EcoRI for cloning into a pBluescript-KS-Plus (pBS) vector at the EcoRI site. The first 
attempt failed, probably due to the low concentration of the inserts. Therefore, the EcoRI-
digested 8 kb and 7 kb fragments were re-ligated to produce circular DNA. These circular 
DNAs were amplified with phi29 DNA polymerase, digested with EcoRI and successfully 
cloned into the pBS vector at the EcoRI site.  
 
Figure 2.12: Determination of the HPV68 subtype in the CIN2 sample. The HPV68 genome is shown at 
the top. The genome parts present in ME180 are indicated by the blue lines. The L2-L1 PCR fragment 
amplified from MDA-CIN2 DNA is shown by the green line. The primers H68-4145F and ME-1349 bind at 
1363 bp upstream from the L1 ATG start codon and at 189 bp downstream of the L1 stop codon, 
respectively. The reverse primer ME-1349 was also used as sequencing primer and a 798-bp partial L1 
sequence was obtained (red). The 798-bp sequence of CIN2 was compared with HPV68b-ME180 and 
HPV68a for subtype determination. The primer sequences are shown in Materials and Methods. 
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Figure 2.13: Amplification strategies for cloning the complete HPV68b genome from the CIN2 
sample. Whole genomic amplification with phi29 DNA polymerase results in concatameric HPV68b DNA 
(yellow bar) which was use as template molecule for PCR of CIN2 DNA. Panel A: Two sets of  primer 
pairs (green and blue arrows) were used for PCR, giving rise to two overlapping full-length genomes (green 
and blue bars). Primer pair H68-1709F and H68-1728R also produced a 20-bp product, and primer pair 
H68-1107F and H68-1175R a 69-bp product, indicated by brown bars. The EcoRI site is indicated by the 
red vertical arrow. On the right, the EcoRI restriction fragments of the two PCR products separated on an 
agarose gel are schematically shown with their estimated sizes. The 851-bp area (red bar) covering the 
suspected EcoRI site was amplified with a primer pair binding at 122 bp and 972 bp downstream of the 
ATG of L1 start codon. Panel B: A primer pair (black arrows) flanking the EcoRI site was used for PCR to 
amplify the full-length genome (black bar). The primers also produce a 54-bp product (brown bars). 
Agarose gel electrophoresis of the PCR product showed two products of ~8 kb and ~7kb (right lane). Primer 
sequences are available in Materials and Methods. 
 
For both 8 kb and 7 kb HPV68b-CIN2 genomes, one positive clone was completely 
sequenced by Sanger method (A. Hunziker, DKFZ Core Facilities). The nucleotide 
sequences of the 8 kb and the 7 kb genomes, HPV68b-CIN2 and HPV68b-CIN2-Del, are 
shown in Appendix A2. The complete HPV68b-CIN2 genome contains 7836 bp. Figure 
2.14 shows the HPV68b-CIN2 genome in a circular form, and Table 2.5 the genomic 
organization. The sequence of the HPV68b-CIN2-Del genome contains 6611 bp and 
carries a 1229-bp deletion in the E1 gene (Figure 2.15). This 1.2 kb deletion, located 
between nucleotide positions 1378 and 2608 corresponding to amino acid residues 186 to 
595, leads to a frameshift and a premature stop codon at amino acid residue 186. In 
addition to the 1229-bp deletion, the HPV68b-CIN2-Del genome carries two 1-bp 
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insertions, one 2-bp insertion, and 11 mutations (Table 2.6). The two single nucleotide 
insertions in ORFs L1 and L2 would lead to frameshifts. However, these nucleotide 
differences were not verified by independent cloning/sequencing. The HPV68b-CIN2 and 




Figure 2.14: The complete HPV68b-CIN2 genome in circular form. The nucleotide positions of each 
gene and the encoded amino acid residues are given in Table 2.5. The ORFs are shown as red, blue and 
green bars. The single EcoRI site is indicated by the red arrow. The black arrow indicates the direction of 
transcription.  
 
Table 2.5: Sequence organization of the complete HPV68b-CIN2 genome. 
Gene ORF* positions Length (bp) Protein (aa residues) 
E6 1-477 477 158 aa 
E7 485-817 333 110 aa 
E1 824-2746 1923 640 aa 
E2 2673-3785 1113 370 aa 
E4 3268-3552 ** 285 94 aa 
E5 3850-4071 222 73 aa 
L2 4118-5527 1410 469 aa 
L1 5508-7025 1518 505 aa 
URR 7026-7836 811 - 
The first nucleotide of the E6 ATG start codon was taken as position 1 for sequence numbering. 
* Positions from ATG to stop codon. 
** ORF of E4 gene does not start with ATG. It was allocated by comparison with the ORF E4 of HPV68a 
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Figure 2.15: Deletion of 1229 bp in ORF E1 of HPV68b-CIN2-Del. Panel A: Nucleotide sequence 
comparison between HPV68b-CIN2 and HPV68b-CIN2-Del genomes in the left and right deletion 
boundaries. The nucleotides not present in HPV68b-CIN2-Del are in green. Panel B: Partial nucleotide 
sequence and translated amino acids of HPV68b-CIN2-Del genome. The 1229-bp deletion (green T-mark) 
leads to a premature stop codon (underlined) immediately following the deletion site. Red color indicates 
amino acids translated from normal ORF E1.  
 
Table 2.6: Nucleotide alterations of HPV68b-CIN2-Del in comparison to HPV68b-CIN2. 




Locations Effect on proteins 
73 T>C ORF E6 silent mutation 
1024 A>G ORF E1 silent mutation 
1379-2607 1229 bp deleted ORF E1 premature stop codon 
3065 T>C ORF E2 silent mutation 
3378 C>T ORF E2 missense mutation 
4670 C>T ORF L2 missense mutation 
5022^23 A-insert ORF L2 frameshift 
5176 C>T ORF L2 silent mutation 
5837^38 G-insert ORF L1 frameshift 
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Figure 2.16: HPV68b genomes in ME180 and CIN2. The complete HPV68b genome with the ORFs 
based on the HPV68b-CIN2 sequence is shown at the top. The genome coverage of the integrated HPV68b 
in ME180 is shown by the blue lines. The red and orange lines depict the complete and partially deleted 
HPV68b-CIN2 genomes. The nucleotide positions flanking the deleted regions are given. 
 
Because the HPV68b-CIN2 genomes were obtained through several steps of 
amplification, it was examined whether the HPV68b-CIN2-Del genome is an artifact or 
indeed present in the original CIN2 lesion. To clarify this, the area covering the 1.2-kb 
deletion was amplified from the original CIN2 DNA and from the MDA-CIN2 DNA. A 
2.1-kb PCR product was expected from the complete genome, and a 0.9-kb product from 
the deleted genome. As shown in Figure 2.17, the 0.9-kb PCR product band could be 
identified in both MDA-CIN2 and original CIN2 DNA. Based on the product amounts of 
the 2.1-kb and 0.9-kb bands, it seemed possible that the complete HPV68b-CIN2 genome 
is present in much lower amount in the CIN2 DNA than the partially deleted HPV68b-
CIN2-Del genome. 
 
Previously, we had assumed that the HPV68b-CIN2 genome is present as episome in the 
CIN2 lesion. However, this assumption became disputable after isolation of the HPV68b-
CIN2-Del genome. An episomal HPV genome relies on a functional E1 protein for 
replication and maintenance in the infected cells. Therefore, the question was addressed 
whether the HPV68b-CIN2-Del genome is present as integrated or episomal DNA. A 
genomic Southern hybridization was performed using the MDA-CIN2 DNA because of 
the limitation of the original DNA. EcoRI (single cut) and BamHI (double cut) were used 
for digestion, before hybridization with the complete HPV68b-CIN2 probe. The 
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Figure 2.17: Proof of presence of the HPV68b-CIN2-Del genome in the original CIN2 DNA. The PCR 
covering the deleted region of the HPV68b-CIN2-Del genome is shown on the left. Red and orange lines 
represent the complete HPV68b-CIN2 and partially deleted HPV68b-CIN2-Del, respectively. The two 
expected PCR products (green lines) from both HPV68b genomes are indicated with their sizes. The 
primers are indicated by green arrows. The Southern hybridization of the PCR products from four different 
templates is shown on the right. Complete HPV68b-CIN2 DNA was used as probe. The 8 kb HPV68b-
CIN2 (“8-kb clone”) and 7 kb HPV68b-CIN2-Del (“7-kb clone”) clones were used as positive controls for 





Figure 2.18: Genomic Southern hybridization of MDA-CIN2 DNA. MDA-CIN2 DNA was digested 
with EcoRI and BamHI, and the filter was hybridized with the complete HPV68b-CIN2 as radiolabelled 
probe (panel A). The ~6.6 kb (black arrow) fragment was expected from EcoRI-digested HPV68b-CIN2-
Del genome, and the 4.3 kb (blue arrow) and 2.4 kb (green arrow) fragments from BamHI-digested 
HPV68b-CIN2-Del genome. The 2.0 kb fragment (red arrow) is assumed to represent a vial-celllular 
junction fragment. The brown arrows point to positions where the fragments of the complete HPV68b-CIN2 
genome would be expected. Panel B: Restriction fragments obtained by BamHI and EcoRI digestion of the 
complete and partially deleted HPV68b genomes. If integrated, the HPV68b genome in CIN2 is assumed to 
be present in concatameric form (yellow bar). BamHI and EcoRI restriction sites are indicated by vertical 
black arrows. The color code for the restriction fragments is identical to that used for the horizonal arrows 
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For the complete HPV68b-CIN2 genome, a ~7.8 kb EcoRI fragment, and two BamHI 
fragments of ~5.5 kb and ~2.4 kb were expected. Neither the 7.8 kb nor the 5.5 kb band 
were detected after hybridization. For the HPV68b-CIN2-Del genome, a ~6.6 kb EcoRI 
fragment, and two BamHI fragments of ~4.3 kb and ~2.4 kb were expected. All three 
bands were observed after hybridization (Figure 2.18). The results indicated that the 
complete HPV68b-CIN2 genome is present only in minute amount, compared to the 
HPV68b-CIN2-Del genome. An additional BamHI fragment of ~2.0 kb hybridized to the 
probe (Figure 2.18, panel A). This fragment could probably represent a viral-cellular 
junction fragment of integrated HPV68b DNA (Figure 2.18, panel B). Based on this 
assumption, the HPV68b-CIN2-Del genome is most likely integrated, and thus, the E1 
gene is not necessary for genome maintenance. Despite best effort, experimental proof of 
integration could not be obtained. 
 
Recently, the sequence of a complete HPV68b variant isolated from a patient in China has 
been published (Wu et al, 2009). Based on the accession number, this HPV68b variant 
will be named HPV68b-EU918769 in the following. To determine the sequence similarity 
of HPV68b-EU918769 to HPV68b-ME180 and HPV68b-CIN2, the sequences of these 
three genomes were compared. The complete genomes of HPV68b-EU918769 and 
HPV68b-CIN2 have 99% similarity. HPV68b-EU918769 carries a 2-bp deletion in the 
URR region compared to HPV68b-CIN2. The location of this 2-bp deletion is identical to 
the 2-bp deletion in the URR of HPV68b(int)-ME180 5’copy (Figure 2.19 and Table 2.7). 
The nucleotide sequence at this particular location is characterized by different numbers 
of repeats of the dinucleotide TA (4x, 5x and 6x) among the compared seven HPV68b 
genomes (Figure 2.19). This feature suggests that this TA-repeat maybe prone to 
synthesis error by DNA polymerase. Because sequence differences in ORF L1 are used to 
classify HPV types, subtypes and variants (de Villiers et al, 2004), the ORFs L1 of the 
three genomes were compared. They have identical length of 1518 bp and 99% sequence 
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Table 2.7: Sizes of genomes, URR and ORFs of HPV68b-ME180, HPV68b-CIN2 and HPV68b-
EU918769. 
  HPV68b-ME180 HPV68b-CIN2 HPV68b-EU918769 
Complete 
length 
7061* 7836 7834 
E6 ORF 477 477 477 
E7 ORF 333 333 333 
E1 ORF 1923** 1923 1923 
E2 ORF incomplete 1113 1113 
E5 ORF 222 222 222 
L2 ORF 1410 1410 1410 





* 775 bp deletion in E2 (see Figure 2.16). 




Figure 2.19: Gap and insertion in URR of HPV68b genomes. Nucleotide sequences of partial URR of 
seven HPV68b genomes are shown in comparison. The names are indicated on the left and nucleotide 
positions on the right. The repeated TA is underlined. 
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2.1.5 HPV68 variant analysis based on URR region 
Through the DKFZ-CGE collaboration, eleven HPV68-positive DNA samples from 
cervical scrapes, including the CIN2 sample, were provided to us. Except HPV68b-CIN2, 
all other ten samples contain multiple HPV types (Table 2.9). Because the HPV 
genotyping cannot differentiate between HPV68 subtypes, it was the question whether the 
DNA samples contained HPV68b or HPV68a. Furthermore, the question was addressed 
whether the samples belong to already known or new HPV68b variants. 
 
Typically, HPV variants are classified based on sequence differences of the L1 gene (de 
Villiers et al, 2004). Other regions of the HPV genome have also been analyzed for 
sequence variations. In case of HPV68, partial URR sequences of fourty-one HPV68-
positive DNA samples were used to determine the phylogeny of HPV68, and sixteen 
variants of subtype HPV68b were identified based on the phylogenetic tree (Calleja-
Macias et al, 2005).  
 
Because the study of Calleja-Macias and coworkers provides the most extensive source 
for sequences of HPV68 variants, it was decided to determine the HPV68 sequences in 
the URR region of the 11 samples (Table 2.9) to compare them with the established 16 
variants. The partial URR sequence corresponds to pos. 7279-7769 (491 bp) of HPV68b-
CIN2. The sequences of the sixteen HPV68b variants were used as references. One of 
these variants contains sequences identical to HPV68b(int)-ME180 3’copy. In addition, 
the recently published complete sequence of an HPV68b variant isolated from China 
(accession EU918769) (Wu et al, 2009) was also included. For subtype HPV68a, the 
sequence of accession DQ080079 was used as reference. No further HPV68a sequence 
has yet been published. To obtain the URR sequences of the 10 additional samples, a 
region of ~773-bp (pos. 7279-7769 on HPV68-CIN2) covering this segment was 
amplified from all samples using primers H68-7179F and H68-128R. The PCR products 
were cloned and sequenced. The sequence of each sample was derived from three clones 
of identical sequences. The nucleotide sequences from pos. 7279-7769 of all 11 samples 
in Table 2.9 were compared with the seventeen HPV68b reference variants and the single 
HPV68a variant using ClustalW. The sequence alignment is shown in Figure 2.20. The 
nucleotide sequences are shown in Appendix A3. 
 
  Results     35 









Reims-06 44667 normal 16, 52, 68, CP6108 
Reims-09 46672 HSIL 16, 54, 68, 70, IS39 
Reims-12 52553 LSIL 39, 51, 52, 61, 68, 83, CP6108 
Reims-14 55178 normal 66, 68 
Reims-15 55670 LSIL 6, 16, 31, 35, 40, 53, 61, 68, (52) 
Reims-16 55954 HSIL 16, 58, 68, (52) 
Reims-18 56904 HSIL 16, 55, 56, 68 
Reims-28 64767 LSIL 16,51,66,68,69,73,83 
Reims-31 66601 ASC-US 16,31,(52),58,59,67,68,72,CP6108 
Reims-33 68374 LSIL 16,42,53,61,68 
HPV68b-CIN2 CIN2 CIN2 68b 
* HPV genotyping for the ten Reims samples was performed in Reims. 
 
 
Figure 2.20: Alignment of partial URR sequences of different HPV68 isolates. The 491-bp URR 
segment (pos. 7279-7769 on HPV68b-CIN2 genome) of eleven clinical samples (Table 2.9) were aligned 
with the corresponding sequence of HPV68b-CIN2, HPV68b-EU918769 (Wu et al, 2009), HPV68a 
(accession DQ080079) and sixteen HPV68b variants (Calleja-Macias et al, 2005) using ClustalW. The 
nucleotide positions are indicated on top. The bases are highlighted at positions of sequence differences. 
Red represents A, blue C, yellow G, and green T. Gray area represents identical sequences. The sequence 
names are shown on the left. Sequences with blue or red boxed names were obtained in this PhD work. 
Except variant 01_HPV68b-ME180, the names of all reference HPV68b variants from Calleja-Macias et al 
start with a number (02-16), followed by the isolate origin (SA: South Africa, BR: Brazil, ED: Edinburg, 
MX: Mexico, HK: Hong Kong) and the accession number. 
 
The 491-bp sequence of sample Reims-12 is identical to HPV68a-DQ080079, therefore it 
contains HPV68a. The other ten samples are HPV68b (Figure 2.20). Altogether, 44 
nucleotide positions show sequence differences among the analyzed HPV68b samples 
(Table 2.10). Sample Reims-33 is identical to HPV68b 04_MX.AY829148. The other 
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samples seem to be new variants due to additional nucleotide polymorphisms compared to 
the most similar variants (Table 2.10).  
 
To create a phylogenetic tree containing the new sequences with the 16 reference 
HPV68b variants, the Unweighted Pair Group Method with Arithmetic Mean Algorithm 
(UPGMA) algorithms was used. This algorithm was also applied in the earlier work 
(Calleja-Macias et al, 2005). The generated tree is shown in Figure 2.21. In agreement 
with the previous data (Calleja-Macias et al, 2005), the phylogenetic tree carries two deep 
dichotomic branches, representing HPV68a and HPV68b. In the HPV68b branch, the 
variants form two main clusters. The Chinese isolate HPV68b-EU918769 was grouped 
with the Hong Kong isolate 02_HK.AY829141, thus showing geographic correlation. 
Based on this tree, one known HPV68a variant, one known HPV68b variant and nine new 
HPV68b variants were identified among the eleven HPV68-positive samples from France. 
 
Table 2.10: Nucleotide polymorphisms in the URR of HPV68b variants 
 
* Based on Figure 2.20 (first row) and the sequence of the complete HPV68b-CIN2 genome (second row). 
** Obtained from (Calleja-Macias et al, 2005). 
“-“ indicates a gap.  
Green highlight indicates variations not present in variants 01-16.  
Variants assignment of the ten DNA samples (bottom part) is based on sequence similarity to one of the 
reference variants, where “new” indicates a new variant and the bracketed numbers refers to the most 
similar reference variant. 
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Figure 2.21: Phylogenetic tree created from partial HPV68 URR sequences. A rooted phylogenetic tree 
was created from the sequence alignment of HPV68 URR sequences (pos. 7279 to 7769 based on HPV68b-
CIN2 genome), using UPGMA algorithm. The sequences obtained in this PhD work are bracketed in red 
and blue, sequences from the database in green, whereas the sixteen previously published HPV68b variants 
(Calleja-Macias et al, 2005) are shown without brackets. * indicates identical sequences. ** indicates 
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2.2 Analysis of HPV16 sequences generated by the ASP16 strategy 
  
The ASP16 strategy was developed by Bo Xu as a novel strategy for determination of 
HPV16 integration sites in cervical lesions (Xu, 2010). The ASP16 strategy employs one 
of the next generation sequencing technologies, Roche/454 GS-FLX pyrosequencing 
(http://www.454.com/). With the Roche/454 GS-FLX format used, each ASP16 
sequencing run can generate around 200,000 sequence reads. For this enormous amount 
of sequence data, it is necessary to apply computer power to assist in sequence data 
analysis. With my knowledge in computer programming, I collaborated with Bo Xu in the 
ASP16 project, and developed a set of computer programs for automatically analyzing 
sequence data generated by Roche/454 GS-FLX sequencing. The development of these 
programs is described in section 2.2.1. After Bo Xu had finished his PhD work with two 
ASP16 experiments completed, I continued to optimize the ASP16 strategy and 
conducted another two ASP16 experiments (ASP16-3 and ASP16-4). The results of these 
two experiments are described in section 2.2.2.  
2.2.1 Development of computer programs for ASP16 analysis  
2.2.1.1 Designing computer program strategies and platforms 
In ASP16 strategy, the DNAs from cervical scrapes are amplified by GenomePlex whole 
genome amplification. The HPV16-containing DNAs are enriched by linear amplification 
using a set of HPV16-specific primers spanning the HPV16 E1-E2 region to produce 
single-stranded fragments, which are then amplified in multiplex PCR using bipartite 
forward primers and a tripartite reverse primer (Figure 2.22). There were 24 different 4-nt 
barcodes designed for the ASP16 experiments. Each barcode is unique for an individual 
DNA sample. 
 
The primary aim of the ASP16 strategy is the identification of viral-cellular junction 
sequences. Considering the enormous number of sequence reads in each ASP16 
experiment, however, it is not practical to perform human database blasting for all 
sequence reads. It was decided that the program sets would not perform this task, but 
narrow down the sequence reads with possible integration junctions by classifying the 
sequences into small groups using different criteria.  
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Figure 2.22: Principal structure of amplicon fragments for Roche/454 pyrosequencing in ASP16 
experiments. The amplicon fragments are amplified using primer pairs (black arrows) whose compositions 
are indicated. Roche-B is used as the sequencing primer. The individual sequence read starts with the 4-nt 
barcode, followed by the minimum length of 18-nt GenomePlex universal adapter sequence (GPUA), then 
by variable amplicon sequence length (pure HPV16, pure human DNA, or HPV16 with human DNA), and 
ends with RA_HPV16 primer. The arrow at the bottom indicates the direction of sequencing. The dashed 
green line represents a variable length of variable GPUA sequence, ranging from 0 up to ~100 nt (see text). 
 
The computer programs were designed to be able to  
 (1) sort sequence reads into sample groups where they originated from, according 
to the 4-nt barcode, 
 (2) eliminate sequence reads which do not contain HPV16 DNA sequence (pure 
human DNA), 
 (3) classify sequence reads into groups based on their  HPV16 primers, 
 (3) generate alignments of grouped sequence reads, 
 (4) perform basic statistical analysis, and 
 (5) generate outputs in suitable file formats. 
The program strategy is summarized in Figure 2.23. The input data is a text file, 
containing FASTA format sequence reads generated by the Roche/454 GS-FLX 
pyrosequencing. The program strategy starts by reading the sequence data from the input 
file. The sequence reads are analyzed one by one. Eventually, alignments of appropriately 
grouped sequence reads are generated and they may be viewed and edited with any 
sequence editor software. These alignments are helpful for sequence data visualization in 
order to search for integration junctions. The basic statistical outputs are generated as tab-
delimited files and can be opened in Microsoft Excel or similar software. 
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Figure 2.23: Program strategy for ASP16 sequence analysis. From the overall input of up to 220,000 
sequence reads from Roche/454 GS-FLX, each sequence read is sorted into one of 24 sample groups 
according to the 4-nt barcodes (B01, …, B24). Each barcode is unique for an individual DNA sample. For 
each sample group, each sequence read is blasted with HPV16 reference genome and a set of complete 
Roche-A_HPV16 (RA_HPV16) primers. If there is no hit, the sequence is discarded. Otherwise, the hit 
sequence is filtered with appropriate cutoffs (see text). If the sequence meets the cutoff conditions, it is 
regarded as significant and processed further, otherwise discarded as non-informative. Significant sequences 
determined by both HPV16 genome and HPV16 primers are combined, and sorted into HPV16 primer 
groups (E01, …, E32). For each primer group, the sequence reads are aligned with ClustalW and the 
alignments are written as FASTA outputs. Basic statistics are also calculated and outputs are generated in 
table-format files.  
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This designed program strategy does not include automatic identification of human DNA 
in the sequence reads. The main reason originates from the complication of GPUA 
sequences. The GPUA sequence was incorporated into the reverse primer used to produce 
the amplicon and has the minimum length of 18 nt. However, as the sequence data of 
ASP16-1 and ASP16-2 showed, the GPUA can be longer with GT-rich unpredictable 
sequence variations of up to ~100 nt (Xu, 2010). Because of this unpredictability, it was 
not always possible to define whether the GT-rich variable sequence belongs to GPUA or 
human sequence (integration junction) without blasting it to the human sequence 
database. Blasting of such GT-rich sequence to the human database usually takes at least a 
few minutes and does not always come up with a satisfactory result. Therefore, this 
procedure is not integrated in the analysis process. 
 
With the main computer program strategies decided, the next task was to decide on a 
suitable computer platform. Perl is a high-level computer programming language favored 
in the bioinformatics community (http://www.perl.org). For this study, it was chosen as 
the computer programming language because of its efficiency, simplicity, rapid 
prototyping, and ease-of-use for object-oriented programming. All computer programs 
were executed under Perl application version 5.8.8, and primarily designed to run under 
Mac operating system (Mac OS).  With some modifications, they may also run under 
other Unix-based environments, such as Linux. The programs are not suitable for running 
under Windows operating system because of memory- and resource-handling problems, 
which will result in substantially slower program process.  
 
2.2.1.2 Computer program algorithms and their tasks 
Four sets of programs were written. Key algorithms of these program sets are described in 
the following. It is intended to show how the programs proceed and how they make 
decisions. The program source codes line-by-line will be explained in the Appendix A8.  
 
Program set 1: Sort sequences into sample groups by barcodes 
 The first program set consists of a single program that sorts total sequence reads 
by their barcode sequences into sample groups (Figure 2.24).  It consists of a single 
program named PROG_SET_1_mac.pl.  A single text file, containing complete 
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sequence reads from the Roche/454 GS-FLX sequencing in FASTA format, is given as an 
input. The outputs of program set 1 are 24 groups of sequence reads, each group 
corresponding to an individual DNA sample. 
 
 
Figure 2.24: Scheme of program set 1. The principal structure of amplicon fragments for the Roche/454 
GS-FLX sequencing is shown at the top. Roche-B is used as the sequencing primer. The first four 
nucleotides of the sequence read correspond to the 4-nt barcode. Each barcode represents an individual 
DNA sample. This program set compares the first 4 nucleotides of each sequence read with a collection of 
the twenty-four 4-nt barcodes used in ASP16. The sequences are sorted into 24 barcode groups, based on 
the matching 4-nt sequences. 
 
 
Program set 2: Selection of informative sequences 
 The second set selects informative sequence reads by blasting and filtering steps, 
sorts the sequence reads into individual HPV16 primer groups, calculates basic statistical 
data, and delivers the outputs. It consists of nine programs, with the following names: 
  set2_p2mac.pl 
  set2_p3mac.pl 
  set2_p4mac.pl 
  set2_p5mac_a_noCutoff.pl 
  set2_p5mac_d_28bpCutoff.pl 
  set2_p5mac_edit.pl 
  set2_p6mac_before.pl 
  set2_p6mac_fasta.pl 
  set2_p7mac.pl. 
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 The input to this program set is a group of sequence reads of an individual sample 
group (also called barcode group) from the outputs of program set 1. Set 2 will select 
informative sequence reads and group them into HPV16 primer groups. The tasks are 
divided into three steps: (1) blast with the complete HPV16 reference genome (HPV16R) 
database and filter with cutoffs, (2) blast with HPV16 primer database, sort into HPV16 
primer groups and filter with cutoffs, and (3) combine results of the two database blasts, 
analyze possible HPV16 breakpoints and report data in Tab-delimited format. The scheme 
of program set 2 is shown in Figure 2.25.  
 
 Set 2 – step 1: Blasting with HPV16R, parsing information and filtering 
 With regard to the HPV16 genes E1 and E2, the pyrosequencing reads contain the 
sequence information of the minus (or antisense) strand. For conversion into plus (or 
sense) strand, the program set generates reverse-complementary sequences of all input 
sequences (Figure 2.25). This produces sequences starting from Roche-A sequence and 
ending with the 4-nt barcode sequence. Each reverse-complemented individual sequence 
is blasted with HPV16R database (hpv16), using blastall program with the 
following defined values: program=blastn, word-size=11, DUST-filter=off. Each blast 
result is saved as a text file. There are three possibilities of the blast results: (1) no hit, (2) 
one hit, (3) more than one hit. “Hit” refers to a match of a query (ASP16 sequence read) 
to a region on a sequence in the database. More-than-one-hit indicates matches on more 
than one location on the HPV16R genome.  
 After all the sequences have been blasted, the program reads information from 
each blast result file. Sequences with no hit are discarded. The program parses 
information from the blast result files of the sequences that have one or more hit. Figure 
2.26 shows an example for information parsing. 
 For sequences with more than one hit, the programs check whether the second hit 
contains useful information for further analysis. The data of the second hit are considered 
useful and are collected only if the matched region is at least 94% similar (%_match) and 
covers at least 15 nt (scoreBP). Otherwise, the second hit is considered non-informative 
and only data from the first hit are collected. 
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Figure 2.25: Scheme of program set 2. Program set 2 is divided into three steps. In step 1 (left side), the 
reverse complementary sequences of the original sequence reads are generated and used for further analysis. 
The reverse-complementary sequences are blasted with HPV16R genome, and sequences with significant 
HPV16R matches are selected through filtering processes. In step 2 (right side), the reverse-complementary 
sequences are blasted with RA_HPV16 primer database. The sequences with significant primer matches 
(see main text for details) are selected through filtering processes, and classified into primer groups. In step 
3, significant sequence lists from step 1 and 2 are combined. For each primer group, the possible HPV16 
breakpoints are predicted, and outputs are written in tab-delimited format. A file containing the complete 
sequences of each primer group is generated in FASTA format. 
 




Figure 2.26: Parsing of information from HPV16R blast result. An example of a HPV16R blast result 
with more than one hit is shown. Query refers to the ASP16 sequence read and Sbjct is HPV16R. For 
HPV16R blast with one or more hit, six data are collected as marked in colored boxes from the first two 
hits. Query length (QL) is the length of the ASP16 sequence read. ScoreBP is the length (nt) of the area 
where query matches to HPV16R. %_match is the percentage of similarity between the query and HPV16R. 
Strand refers to the HPV16R matching strand. 1st_match_Q is the position on the query strand where 
matching to HPV16R starts. 1st_match_HPV is the position on HPV16R matching to 1st_match_Q position. 
ScoreBP of the first hit is used in the filtering step for significant HPV16R match decision. 
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 The informative sequences should contain a significant length of HPV16R 
sequence to ascertain that the sequence read is not an unspecific amplicon.  This is 
achieved by the filtering process. A cutoff value of 28 nt was defined for the filtering step. 
This means that the sequence read is considered significant if the scoreBP value of the 
first HPV16R hit is at least 28 nt. The list of significant sequences are collected and stored 
for further analysis in the third step. 
 
 Set 2 – step 2: Blasting with HPV16 primers, sorting to primer groups and 
filtering 
 Each reverse-complementary sequence, generated in step 1, is blasted with the 
RA_HPV16 primer database (EEpyro3), using blastall program with the following 
defined values: program=blastn, word-size=11, DUST-filter=off. Each blast result is 
saved as a text file. There are three possibilities of the blast results: (1) no hit, (2) one hit, 
(3) more than one hit. More-than-one-hit indicates matches to more than one HPV16 
primer sequences.  
 Sequences with no hit to RA_HPV16 primer are discarded. For sequences with 
hit(s), there are six possibilities of how the query can match to a RA_HPV16 primer. 
These are outlined in Figure 2.27. 
 
 The program set determines, based on these six cases, whether each of the 
sequence reads has a significant primer hit. The parsed values from RA_HPV16 primer 
blast results are used to evaluate the conditions of the hit. The decisions are made 
according to different criteria that are listed in Table 2.11. There are three categories of 
significant RA_HPV16 primer matches. Category 1 includes matches as in case A1. 
Category 2 includes matches as in case A2. Category 3 includes matches as in cases B1, 
B2, C1 and C2. A sequence read is defined as having a significant RA_HPV16 primer 
match if it meets all the required conditions in one of these three categories. Otherwise, it 
is declared as having no match to any RA_HPV16 primer and excluded from further 
analysis. The sequences with significant RA_HPV16 primer hits are sorted into groups 
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Figure 2.27: Matching possibilities between ASP16 sequence read and a RA_HPV16 primer. There are 
six possible matching patterns between an ASP16 sequence read and a RA_HPV16 primer. Cases A1 and 
A2 show ASP16 reads matching from the beginning of the primer. Cases B1 and B2 show ASP16 reads 
missing the 5’end of the primer. Cases C1 and C2 show ASP16 reads matching only in the HPV16 part of 
the primer. In cases A1, B1 and C1, ASP16 reads match until the 3’end of the primer. In cases A2, B2 and 
C2 the match terminates within the HPV16 part of the primer. QL: query length (nt). A: Sbjct length (nt). B: 
matching area (nt). D: first matched position on the query. F: first matched position on Sbjct. C: percent 
similarity (not illustrated). E: strand of Sbjct which the query matches to (not illustrated). 
 
Table 2.11: Criteria for the selection of significant RA_HPV16 primer match 








The matching strands of the query and the primer 
sequence are in the same orientation 
E = Plus + + + 
The matching similarity is at least 90% C >= 90% + + + 
The query matches the complete primer length B >= A +     
The query does not match the complete primer 
length 
B < A   + + 
The query matches from the 5’end of the primer F = 1 +  +   
The query does not match from the 5’end of the 
primer 
F != 1     + 
The query does not include the Roche-A part of 
the primer 
(B+F) >20    + 
The query does not match the 3’end of the primer, 
max. 4 nt 
(A-(B+F)) > 5   + + 
* The criteria abbreviations are explained and illustrated in Figure 2.27.   
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 Set 2 – step 3: combining blast results, predicting breakpoints and exporting the 
outputs 
 In this step, the lists of sequences with significant HPV16R matches and 
significant RA_HPV16 primer matches are combined and compared (see Figure 2.25). 
Only sequences that are present in both lists are processed further. Otherwise, they are 
declared as non-informative and discarded. At the same time, the program counts the 
numbers of sequence reads in each primer groups for both significant-only sequence reads 
(filtered by 28-nt cutoff in step 1) and total sequence reads (without the 28-nt cutoff 
filtering). The resulting sequence numbers are exported in two tab-delimited format files, 
one belonging to no-cutoff and the other belonging to 28-nt cutoff. 
 In this step, the program estimates the longest position on the HPV16R genome 
that each sequence read is matched to. This position is informative for hinting at a 
possible HPV16 breakpoint, and called “last-HPV16-match position”. Using parsed 
information from HPV16R blast results in step 1 (see Figure 2.26), the values of the first 
and second (if exists) HPV16R hits of each sequence read are analyzed. 
 For the sequence reads with a single HPV16R hit, the data of this single hit are 
used for estimation of the last-HPV16-match position. For sequence reads with more than 
one HPV16R hits, the program evaluates whether to use the information from both hits or 
only one of the hits. The decisions are made based on positions and lengths of matching 
HPV16 area of each hit. All categories for sequences with two hits are explained in Figure 
2.28.  
 After all sequence reads are sorted into appropriate categories, the program reports 
the selected data in tab-delimited format files for each sample group. Figure 2.29 shows 
an example of these data, opened in MS Excel. The data are present in 13 columns as 
explained in Table 2.12. For each DNA sample, a possible HPV16 breakpoint may be 
predicted by looking at the data in column F. If HPV16 integration exists, a number of 
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Figure 2.28: Different cases of double HPV16R blast hits of a ASP16 sequence read. This figure shows 
different cases of two HPV16R hits from a ASP16 sequence read.  Each line in the illustration column 
represents a matched area on the HPV16R genome. For sequences with only one HPV16R hit (not shown in 
this figure), the data of this hit are used for breakpoint analysis. For sequences with two hits, the program 
decides, based on 16 different cases, which data to be used. Blue represents the first hit, and green the 
second hit. Continuous lines indicate the data of the hit are used for breakpoint analysis. Dashed lines 
indicate the data of that hit are not used for the analysis. The lengths and positions of the blue and green 
lines imitate the relative HPV16 matching length and actual positions on HPV16 genome respectively. Each 
case is explained in the last column. The usage of hit data is indicated. 
 




Figure 2.29: Example of a tab-delimited output from program set 2. For each DNA sample group, a 
tab-delimited file is exported by program set 2. The file is opened in MS Excel. For further explanation, see 
Table 2.12.  
 
Table 2.12: Explanation of tab-delimited output from program set 2 as shown in Figure 2.29. 
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Program set 3: Multiple-alignment of grouped sequences 
 This program set performs multiple alignments of sequences in an individual 
primer group. The program process is illustrated in Figure 2.30. This set consists of two 
programs, with the following names: 
  set3_p8mac.pl 
  set3_p9mac.pl 
  The inputs to this program set are FASTA sequence lists of each RA_HPV16 
primer group of each DNA sample from program set 2. To obtain a good alignment, the 
sequences should be edited prior to performing an alignment so that they contain as little 
sequence variations as possible. The program considers only the HPV16 sequence part of 
each sequence read to generate multiple alignments for each RA_HPV16 primer group. 
 
Program set 4: Writing different sequence outputs in FASTA format 
 Program set 4 re-edits the results of multiple alignments from program set 3. The 
program process is illustrated in Figure 2.30. It consists of a set of two programs, with the 
following names: 
  set4_p10mac.pl 
  set4_p11mac.pl 
 The alignments generated by program set 3 contain only the HPV16 portions of 
each sequence. This program set re-edits the alignments by restoring the HPV16-portion-
only sequences to their original sequences. The edited alignments are then exported in 
FASTA format as outputs. The alignments can be viewed and edited in any sequence 
editor software or even a text editor. In this study, Geneious Pro version 4.8.5 was used. 
 
2.2.1.3 Requirements prior to executing the programs 
Because the program sets integrate the usages of other stand-alone programs such as 
BLAST and ClustalW, these stand-alone programs must be installed in the proper 
locations on the analyzing computer prior to executing the ASP16 analysis program sets. 
Databases for BLAST analysis must also be set up. The following describes six 
requirements before the ASP16 analysis programs can be executed. The website addresses 
where BLAST and ClustalW applications can be obtained are indicated in the Materials 
and Methods section. 
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Figure 2.30: Scheme of program sets 3 and 4. In program set 3, the HPV16 portion of the significant 
sequences are extracted and put in a new list for each RA_HPV16 primer group. A 150-nt HPV16R 
sequence is then added to the list. The added portion of the HPV16R sequence starts at the same position as 
the respective RA_HPV16 primer. Multiple alignment is performed to the prepared sequence list, using 
ClustalW version 2.0.10 with default values. Program set 4 sorts and edits the resulting alignments for 
simpler sequence visualization. The edited alignments are exported in FASTA format. Each DNA sample 
group contains thirty-two alignment outputs because 32 primers are used in the multiplex PCR. 
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 (1) Perl program version 5.8.8 or newer must be installed. In Mac OS and Linux 
OS, Perl is usually already installed. To check if Perl is installed, the command “perl –
v” is given in the command-line. It should report the version of the Perl program.  
 (2) BLAST executables version 2.2.17 (binary for Unix) must be installed under a 
directory named “blast-2.2.17”, located directly under root. 
 (3) ClustalW version 2.0.10 for Mac OS must be installed under a directory named  
“clustalw-2.0.10-macosx”, located directly under root. The text file containing thirty-two 
151-nt partial HPV16R nucleotide sequences, named “hpv16R_EEprimer_151nt”, must 
be saved under the same directory. The file contents are given in Appendix A7. 
 (4) Databases of the HPV16R reference genome and RA_HPV16 primers must be 
formatted and placed under directory /blast-2.2.17/db/. For the HPV16R database, a text 
file containing FASTA format of the HPV16R sequence must be created with the name 
“hpv16”. For the HPV16 primer database, a text file containing FASTA format of the 
thirty-two RA_HPV16 primer sequences (with primer names E01,…,E32) must be 
created with the name “EEpyro3”. The primer sequences are listed in Materials and 
Methods section. To format the databases, the stand-alone program from the BLAST 
executables, formatdb, is used with the commands: 
 “formatdb –i hpv16 –p F –o T” for HPV16R database, and  
 “formatdb –i EEpyro3 –p F –o T” for primer database. 
After the formatting is completed, five new files are created for each database. These files 
must be moved under directory /blast-2.2.17/db/. 
 (5) A text file input must contain total sequence reads from the Roche/454 GS-
FLX pyrosequencing, in FASTA format. No fixed path is required for the input file. 
 (6) The path (or file location) where ASP16 analysis programs are located, and the 
path where the ASP16 analysis results should locate, must be specified. In each of the 
four ASP16 program sets (PROG_SET_1_mac.pl; PROG_SET_2_mac.pl; 
PROG_SET_3_mac.pl; PROG_SET_4_mac.pl), the default paths can be changed to user-
specified paths by editing the Perl scripts of these programs in a text editor application. 
 
2.2.1.4 Executing the programs 
All programs in this study were written in Perl language, and were executed under Perl 
program version 5.8.8. They had not been tested with other versions of Perl program. The 
programs were designed for command-line interface, not graphical user interface (GUI). 
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The GUI is not necessary because the programs were written in such a way that only a 
few simple short commands are required. This means a user is required to “enter” one or 
more commands to the computer manually in order to run these ASP16 analysis 
programs, instead of clicking buttons. In Mac operating system, the command-line 
interface can be accessed through the Terminal application. To run the complete four 
program sets, two commands are used. 
 For program set 1:   “perl PROGRAM Input_A Input_C” 
 For program sets 2 - 4: “perl PROGRAM Input_B Input_C” 
  where   PROGRAM contains complete program name and path 
    Input_A is complete path of input FASTA file 
    Input_B is barcode number (01, 02, …, 24) 
    Input_C is the experimental number (1, 2, 3, 4, …) 
 (1) PROG_SET_1_mac.pl This program sorts sequences into sample groups 
according to the barcodes. It is required to run only once. 
 (2) PROG_SET_2_mac.pl This program automatically executes all programs in 
set 2 (programs 2-7) that perform blasts and statistic calculations. It works for an 
individual barcode, and is required to run once for each barcode. 
 (3) PROG_SET_3_mac.pl This program automatically executes all programs in 
set 3 (programs 8–9) that perform sequence alignments. It should be run only after 
program set 2 has been completed. It works for an individual barcode, and is required to 
run once for each barcode. 
 (4) PROG_SET_4_mac.pl This program automatically executes all programs in 
set 4 (programs 10-11) that generate full FASTA sequence end-results. Input_B can be 
any number. It is required to run only once after all barcodes have been analyzed by 
program set 2 and set 3. 
 
2.2.1.5 Output files used for ASP16 analysis 
There are several output files generated by the ASP16 analysis programs. Most output 
files exist for the benefits of cross-communications between programs. The following 
output files are informative for the users.  
 Output 1: Sequences and HPV16R-hit data 
 These files are generated by program set 2. There is a single file produced per 
DNA sample. An example of these files is shown in Figure 2.29. The information from 
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these outputs can be used as reference data sources for the sequence reads. It is also 
possible to predict a possible HPV16 breakpoint for each DNA sample by sorting/editing 
the data in Excel. 
 Output 2: Basic statistics for sequences with or without 28-nt cutoff 
 Two files are produced per DNA sample, one containing the data without the 28-
nt cutoff filtering, and the other with the filtering. These files are generated by program 
set 2. They contain numbers of sequence reads of each RA_HPV16 primer group of each 
DNA sample. The information was used to perform further statistical analyses of the 
experimental results, such as calculation of histograms of sequence distribution among 
different primer group. See Table 2.16 and Table 2.17 for the results of ASP16-3 and 
ASP16-4. 
 Output 3: Multiple alignments of sequences in each RA_HPV16 primer group 
 Maximally thirty-two files are generated per DNA sample, corresponding to the 
32 RA_HPV16 primer groups. The number of the output files depends on the number of 
the primer combinations used. These files are generated by program set 4. They contain 
the alignments of sequences in an individual RA_HPV16 primer group of a DNA sample 
in FASTA format. An example of these sequence alignments is shown in Figure 2.39. The 
alignments can be used to find HPV16R point mutations, to search for HPV16 integration 
junction sites, and to create an assembled HPV16 sequence for each DNA sample. The 
assembled sequences can be used to construct a phylogenetic tree. See section 2.2.2 for 
application and illustration.  
 
2.2.2 Analysis of HPV16 sequences in ASP16-3 and ASP16-4 
 
The first two ASP16 experiments, ASP16-1 and ASP16-2, had been conducted by Bo Xu 
(Xu, 2010). In these two experiments, the sequence reads of each DNA sample covered 
about 50% of the analyzed HPV16 E1-E2 gene region, in average. This means that the 
chance of finding any HPV16 integration site was only about 50%. Further optimization 
of the ASP16 was required to obtain better sequence coverage. 
 
In the frame of this PhD work, two ASP16 experiments (ASP16-3 and ASP16-4) were 
performed and the computer programs described in the previous section were used for 
data analysis. The main purpose was to find HPV16 integration junctions in the analyzed 
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DNA samples. Another purpose was to continue the optimization of the ASP16 strategy 
and investigate the results of the optimizations, in particular whether complete sequence 
coverage could be achieved. In addition, the sequence data were used to identify the 
HPV16 variants present in the samples. The results of both ASP16 experiments will be 
described together. 
 
2.2.2.1 Optimization of ASP16 
The Roche/454 GS-FLX is capable of amplifying up to 500 bp DNA fragments during the 
emulsion PCR step, and delivering average sequence reads with length around 200 nt 
(http://www.454.com/). However, the average sequence read lengths obtained in ASP16-1 
and ASP16-2 were only 116 nt and 92 nt, respectively (Xu, 2010). Due to the presence of 
RA_HPV16 primer (39-43 nt), GPUA (at least 18 nt) and 4-nt barcode (4 nt) sequences at 
the termini of each sequence read, the informative sequence of the amplified genomic 
DNA is at least 61 nt shorter than the total sequence read length (Figure 2.31). Thus, the 
average informative sequence lengths of ASP16-1 and ASP16-2 were only 55 nt and 31 
nt, respectively. Shorter-than-expected average sequence read length is the major reason 
for low sequence coverage in ASP16-1 and ASP16-2.  The problem of short read length is 
due to the general limitation of the Roche/454 GS-FLX system for amplicon sequencing, 
not for genomic DNA sequencing (S. Wolf, personal communication).  
 
In ASP16-2, sixteen combinations of HPV16 forward primers were used, spanning ~3000 
bp of the HPV16 E1-E2 area (Xu, 2010). Each combination includes a biotin-labeled 
HPV16 primer and the corresponding RA_HPV16 primer. The distance between the 
primers was about 200 bp. Due to the average sequence read length of ~100 nt obtained 
by pyrosequencing, about 50% of the E1-E2 sequence region was not covered by the 
ASP16 sequences (Figure 2.32).  
 
In the ASP16 experiments (ASP16-3 and ASP16-4) performed in this PhD work, an 
essential aim was to try to obtain 100% sequence coverage in the HPV16 E1-E2 region. 
Toward this goal, the distance between HPV16 primers was reduced to about 100 bp by 
adding another sixteen combinations of HPV16 primers. These primer combinations were 
used since experiment ASP16-3. Two of the additional primer combinations, E17 and 
E21, replaced two previous combinations of ASP16-2, which were excluded due to their 
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low specificity. Altogether, 30 combinations of HPV16 primers were used in ASP16-3. 
The sequences and names of all HPV16 primers for ASP16-3 an ASP16-4 are given in 
Materials and Methods. The locations of the RA_HPV16 primers of these 30 pairs are 
shown in Figure 2.33.  
 
 
Figure 2.31: Components of an ASP16 sequence read. The total read length of each sequence read 
contains at least 61 nucleotides derived from the flanking primer sequences. The informative sequence 
corresponds to the remaining nucleotides of amplified sample DNA. 
 
 
Figure 2.32: Model of primer locations and sequence read length in ASP16 experiments. The graphs 
represent histograms of sequence read length distribution obtained in ASP16-2. The graphs indicate that 
most sequence reads extend for 25-50 nt from the primer, and only a few sequences reach 100 nt. The 
HPV16 primers used in previous experiments (ASP16-1 and ASP16-2) are indicated by red arrows, 
additional HPV16 primers by green arrows. Red and green lines symbolize sequence reads of 100 nt. The 
gray vertical arrows (a-f) indicate the positions of possible HPV16 integration breakpoints. Since the 
sequence read length was ~100 nt but the primers (red arrows) were ~200 bp apart, gaps of about 100 nt 
with no sequence information were obtained. Addition of new HPV16 primers (green arrows) shortened the 
average distance between primers to 100 nt, thereby improving the probability for complete sequence 
coverage.   
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Figure 2.33: Locations of RA_HPV16 primers in ASP16-3 and ASP16-4. All thirty RA_HPV16 primers 
used in ASP16-3 and ASP16-4 are shown. All primers are in forward direction and cover almost the 
complete region of the HPV16 E1 and E2 genes. The red and green triangles indicate positions of previous 
primers (used in ASP16-2) and additional primers (added since ASP16-3), respectively. The primers were 
named with numbers according to their entries in the experiment. The positions of ORFs E1 and E2 are 
indicated at the bottom. 
 
2.2.2.2 DNA samples in ASP16-3 and ASP16-4 
Altogether 25 DNA samples were analyzed in ASP16-3 and ASP16-4 (Table 2.13). Four 
samples were HPV16-positive cervical carcinoma cell lines and 21 samples were cervical 
scrapes. The four cervical cell lines served as controls because their integration junctions 
are known. The cervical DNA samples were selected for the experiments based on their 
high probabilities of having integrated HPV16 (integration %). The integration percentage 
values were obtained through E2/E6 RT-qPCR (described in Introduction). From the 
clinical DNA samples, nine were analyzed in both experiments. 
 
2.2.2.3 HPV16 amplicon preparation for ASP16-3 and ASP16-4 sequencing 
To prepare HPV16 amplicons for pyrosequencing, the genomic DNA of each sample was 
subjected to several amplification steps, as described in Introduction and Materials and 
Methods. In ASP16-3 and ASP16-4, thirty biotin-labeled HPV16 forward primers were 
used during the linear amplification step, distributed into four primer mixes (Table 2.14). 
The 7 or 8 HPV16 primers of each primer mix locate at about 400 bp apart on the HPV16 
genome. The HPV16 amplicons of each DNA sample were generated by HPV16 semi-
nested multiplex PCR using the corresponding bipartite RA_HPV16 nested forward 
primers and a tripartite reverse primer (Roche-B_barcode_GPUA) (Table 2.14, see also 
Figure 2.33).  
 
  Results     59 



















MRI-H186 2B01 3B01 4B01 49 cancer cell line 
MRI-H196 2B02 3B02 4B02 32 cancer cell line 
SiHa 2B03 3B03 4B03  cancer cell line 
CaSki   4B04  cancer cell line 
1  3B04  76 CIN 2/3 Besancon 
2  3B05  74 CIN 2/3 Besancon 
5  3B06  95 CIN 2/3 Besancon 
1503  3B07 4B12 74 CIN 2/3 Besancon 
1511  3B08 4B13 87 CIN 2/3 Besancon 
1801  3B09 4B14 72 CIN 2/3 Besancon 
2219  3B10 4B15 72 CIN 2/3 Besancon 
2227  3B11 4B16 99 CIN 2/3 Besancon 
2229  3B12  76 CIN 2/3 Besancon 
2237  3B13 4B17 98 CIN 2/3 Besancon 
3009  3B14 4B18 81 CIN 2/3 Besancon 
3035  3B15  74 CIN 2/3 Besancon 
4242  3B16 4B20 79 CIN 2/3 Besancon 
66019  3B18 4B06 100 HSIL/CIN3 Reims 
07 C 381 2B06  4B05 100 cancer Reims 
61979   4B07 100 HSIL Reims 
75022   4B08 100 LSIL Reims 
75857   4B09 100 HSIL Reims 
4   4B11 82 CIN 2/3 Besancon 
4238a   4B19 64 CIN 2/3 Besancon 
07 C 368 2B05  4B21 84 cancer Reims 
* ASP16-2 was performed by Bo Xu (Xu, 2010). 
(a) The integration percentage was determined by E2/E6 real-time quantitative PCR as described by (Briolat 
et al, 2007). See Introduction for further explanation. 
(b) CIN: cervical intraepithelial neoplasia. HSIL: high-grade squamous intraepithelial lesion. 





60    Results   
 
Table 2.14: Primer combinations for HPV16 amplification in ASP16-3 and ASP16-4. 
HPV16 linear 
amplification 
Semi-nested HPV16 multiplex PCR 













5B-790F    (BE-17)* 
5B-1261F  (BE-02) 
5B-1562F  (BE-03) 
5B-1938F  (BE-04) 
5B-2389F  (BE-05) 
5B-2705F  (BE-06) 
5B-3101F  (BE-07) 











5B-1046F  (BE-09) 
5B-1457F  (BE-21) 
5B-1760F  (BE-11) 
5B-2151F  (BE-12) 
5B-2539F  (BE-13) 
5B-2912F  (BE-14) 
5B-3318F  (BE-15) 











5B-952F    (BE-18) 
5B-1336F  (BE-20) 
5B-1849F  (BE-23) 
5B-2277F  (BE-25) 
5B-2613F  (BE-27) 
5B-3021F  (BE-29) 










5B-1105F  (BE-19) 
5B-1653F  (BE-22) 
5B-2053F  (BE-24) 
5B-2461F  (BE-26) 
5B-2842F  (BE-28) 
5B-3189F  (BE-30) 

















* Primers BE-17 and E17 were not used in ASP16-4 
(a) BE = biotin-labeled HPV16 primers. 
(b) E = RA_HPV16 primers. The numbers in brackets are the positions (5’end) of the primers on HPV16R 
genome. 
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In ASP16-3, the HPV16 amplicons were analyzed by agarose gel electrophoresis and 
Southern hybridization, to determine whether the amplicons were HPV16-specific. The 
agarose gels and hybridization results are shown in Figure 2.34. The HPV16 PCR 
products were expected to contain fragments of variable sizes, producing smears on the 
gel. This expectation was fulfilled in the majority of cases. Some amplicons showed 
prominent bands (such as panel B, lane 9-3 or panel D, lane 13-2). These bands were not 
HPV16-specific, as no signal was observed after hybridization. The majority of the 
amplicons contained HPV16-specific fragments distributed between 100-600 bp. Many 
amplicons contained even larger fragments with sizes up to 1.5-2.0 kb. Aliquots of 100 ng 
from each amplicon were pooled together for Roche/454 GS-FLX sequencing. In ASP16-
4, each HPV16 amplicon was size-selected to 200-300 bp using E-Gel SizeSelect system 




Figure 2.34: HPV16 multiplex PCR products in ASP16-3. Each panel (A-E) shows an agarose gel photo 
in the lower part and the Southern blot in the upper part. 50-ng aliquots of HPV16 multiplex PCR amplicons 
were loaded on the gel. The labeling of each lane indicates the barcode number (1, 2, 3,…, 24), followed by 
the multiplex reaction mix number (1, 2, 3, 4). The gels were blotted and hybridized with complete HPV16 
genome as 
32
P-labelled probe.  
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2.2.2.4 Amplicon sequencing by Roche/454 GS-FLX pyrosequencing 
The pooled HPV16 amplicons were sequenced, using the Roche/454 GS-FLX standard 
system, at the DKFZ Genomics and Proteomics Core Facilities. GS emPCR kit III was 
used for emulsion PCR and GS LR70 as the sequencing kit, with one large region on a 
70x75 picotiter plate used. Roche-B was used as the sequencing primer. The 
manufacturer’s estimated number of sequence reads per sequencing run for the described 
sequencing format is 210000. The results were delivered as FASTA files, containing 
complete sequence reads of each experiment.  The basic features of both experiments are 
shown in Table 2.15, in comparison with the results of the previous experiment ASP16-2 
(Xu, 2010).  
 
Table 2.15: Features of ASP16-2, ASP16-3 and ASP16-4 
  ASP16-2* ASP16-3 ASP16-4 
Number of DNA samples 19 17 20 
Number of HPV16 primer combinations 16 30 29 
Number of total sequence reads 220001 152147 129150 
Average sequence read length,  
  excluding 19-nt Roche-B sequence (nt) 
92 105 108 
Average number of sequence reads  
  per primer group per DNA sample 
724 298 222 
* Experiment ASP16-2 was conducted by Bo Xu (Xu, 2010). 
 
2.2.2.5 Statistics of ASP16-3 and ASP16-4 
The FASTA files containing the total sequence reads of each experiment, were initially 
analyzed with the four ASP16 analysis program sets, described in section 2.2.1.4. The 
numbers of sequence reads per primer group per sample group, before and after filtering 
with 28-nt cutoff, are shown in Table 2.16 for ASP16-3 and in Table 2.17 for ASP16-4.  
 
To evaluate whether the HPV16 primers produced HPV16-specific sequences, the 
percentage of significant HPV16 sequence reads for each sample and each primer group 
was calculated with the following formula: 
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! 
(number_of _ sequence_ reads_ after_28nt _cutoff )
(number _of _ sequence_ reads_before_28nt _cutoff )
"100%  
For each primer group, the distribution of the percentages of significant HPV16 sequences 
from all DNA sample are shown in boxplot diagrams (Figure 2.35). Twenty-eight of the 
thirty primers showed high specificity of more than 50%, which means that more than 
50% of the sequence reads in the primer groups were HPV16-specific. Primer E17 (810) 
showed a reduced efficiency. Because it is located in the 5’ part of the E1 gene where 
integration is unlikely to occur, it was not used in ASP16-4 and no alternative primer was 
added to replace primer E17 (810). Primer E21 (1471) also showed reduced efficiency, 
but was included also in ASP16-4.  
 
Table 2.16: Number of sequence reads per primer group of ASP16-3 before and after 28-nt cutoff. 
 
Panel A shows the numbers before the 28-nt cutoff filtering was applied. 
Panel B shows the numbers after the 28-nt cutoff filtering was applied. 
The column Sum-sigEE-sigHPV contains sums of sequence reads per sample with significant primer hit. 
The column Total-per-sample shows the sum of total sequence reads per sample before any selection 
process. 
Gray areas indicate values excluded from analysis. 
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Table 2.17: Number of sequence reads per primer group of ASP16-4 before and after 28-nt cutoff. 
 
Panel A shows the numbers before the 28-nt cutoff filtering was applied. 
Panel B shows the numbers after the 28-nt cutoff filtering was applied. 
The column Sum-sigEE-sigHPV contains sums of sequence reads per sample with significant primer hit. 




To determine the distribution of sequence read lengths, histograms of sequence read 
lengths were plotted for ASP16-2, ASP16-3 and ASP16-4 (Figure 2.36). There were four 
apparent intervals with peaks at 55, 75, 95 and 150 nt, where most of the sequences fit. 
For ASP16-2, most sequence reads in the 55-nt peak belonged to primer-dimer products 
of HPV16 primer E10 (Xu, 2010). This primer was omitted in ASP16-3 and ASP16-4. 
Despite lower sequence read numbers in ASP16-3 and ASP16-4 compared to ASP16-2 
(Table 2.15), the histograms show that higher numbers of long sequence reads (150 nt and 
longer) have been obtained in ASP16-3 and ASP16-4 compared to ASP16-2. This 
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indicates that the alterations of linear amplification reaction condition by increasing the 
elongation time from 30 to 40 seconds have been successful (see Materials and Methods). 
 
To evaluate whether the sequence reads in each size-interval were HPV16-specific, 
histograms of sequence read lengths before and after 28-nt cutoff filtering were plotted 
(Figure 2.37). The histograms show that the 75-nt peaks of ASP16-3 and ASP16-4 
contain large portions of sequences that are not HPV16-specific. Nevertheless, these 
sequences are too short to be informative. In contrast, the longer sequence reads (from 95 
nt) of both ASP16-3 and ASP16-4 were almost 100% HPV16-specific, and therefore 
contained informative sequence data. 
 
 
Figure 2.35: HPV16 primer efficiency in ASP16-3 and ASP16-4. Each boxplot shows the distribution (in 
percentage) of significant HPV16 sequence reads for each HPV16 primer group of all DNA samples. Each 
blue box contains values from the 25th to 75th percentile. The lines above and below the box represent 
values above the 75th and below the 25th percentile, respectively. Green lines were plotted from median 
percentage values of each primer group. 
 




Figure 2.36: Sequence read lengths of ASP16-2, ASP16-3 and ASP16-4. The histograms of sequence 
read lengths before filtering by 28-nt cutoff are shown. X-axis represents 5-nt intervals of sequence read 
length. Y-axis indicates the frequency with which sequence read lengths fall into the interval categories. 




Figure 2.37: Sequence read lengths of ASP16-3 and ASP16-4 before and after filtering with a 28-nt 
cutoff. The histograms of sequence read lengths before and after filtering by 28-nt cutoff are shown by 
dashed and solid lines, respectively. X-axis represents 5-nt intervals of sequence read length. Y-axis 
indicates the frequency with which sequence read lengths fall into the interval categories. The blue lines 
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2.2.2.6 HPV16 integration junctions 
To determine whether the sequences contain possible HPV16 integration junctions, two 
output data after the ASP16 analysis programs were analyzed.  
 
As first approximate method, the numbers of reads per each primer group of each sample 
after 28-nt cutoff (shown in Table 2.16 and Table 2.17, both in panel B) were inspected. If 
the sample contains exclusively integrated HPV16 DNA, the number of reads of the 
primer groups at and after the HPV16 breakpoint should drop to zero. As an example, the 
results for the cell line SiHa are shown in Figure 2.38. For the integrated HPV16 genome 
in SiHa, it is known that the 5’ junction is located at pos. 3385 and the 3’ junction at pos. 
3133. Further more, a small region from pos. 3460-3512 is deleted (Meissner, 1999). In 
complete agreement with this structure, the read numbers are 1 or zero for primers E07 
(3121), E30 (3199), E15 (3339) and E31 (3455) (Figure 2.38). 
 
As the main method, the sequence alignments of each primer group for each DNA sample 
were analyzed. In this way, the nucleotide sequences at the HPV16 breakpoint location 
were determined. The alignments were viewed and edited in Geneious Pro version 4.8.5. 
For illustration, the results for SiHa are shown in Figure 2.39.  
 
Applying these two methods, HPV16 integration junctions were identified in altogether 9 
samples in ASP16-3 and ASP16-4: 3 of 4 cell lines, and 6 of 21 clinical samples (Table 
2.18). In case of newly identified HPV16 integration junctions, they were examined by 
junction-specific PCR (Figure 2.40). The positive PCR products were cloned and 
sequenced. If the cloned sequences confirmed the ASP16 sequences, the junction was 
declared to be genuine. The next parts describe the determination of HPV16 integrations 
for all DNA samples listed in Table 2.13, compare the results of the different ASP16 
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Figure 2.38: HPV16 breakpoint location in SiHa predicted by number of sequence reads. The numbers 
of reads of each primer group of SiHa in ASP16-3 after 28-nt cutoff, taken from Table 2.16, are shown at 
the top. A graph was plotted from these values, with X-axis showing the primer groups and Y-axis the 
number of reads. The possible breakpoint area is shown. The actual HPV16 breakpoint of SiHa is at 




Figure 2.39: Sequence alignment of primer group E29 (3037) of SiHa with the HPV16 integration 
junction. Bases are color-coded: A in red, C in blue, G in yellow and T in green. The names of the 
sequences are indicated on the left. HPV16R (top) was used as the reference sequence and every base was 
highlighted. The sequences in primer group E29 of SiHa in this alignment were taken from both ASP16-3 
(3B03) and ASP16-4 (4B03) as the names indicate. The bases in SiHa sequences are highlighted only if 
they are different from the reference. The highlighted region indicates cellular DNA downstream of the 
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no  no 0%
 (f) 
Clinical samples for which HPV16 integration breakpoints were identified by ASP16 
CA-07C381   yes   yes 100% 
CA-07C368   yes
 (e) 
  yes 84% 
HSIL-66019     yes yes 100% 
HSIL-61979      yes 100% 
HSIL-75857       yes 100% 
CIN2/3-1801     yes yes 72% 
Clinical samples for which HPV16 integration breakpoints were not identified by ASP16* 
CIN2/3-4242     false-positive no 79% 
CIN2/3-1503     false-positive no 74% 
LSIL-75022       no 100% 
CIN2/3-2227     no no 99% 
CIN2/3-2237     no no 98% 
CIN2/3-0005     no   95% 
CIN2/3-1511     no no 87% 
CIN2/3-0004       no 82% 
CIN2/3-3009     no no 81% 
CIN2/3-0001     no   76% 
CIN2/3-2229     no   76% 
CIN2/3-0002     no   74% 
CIN2/3-3035     no   74% 
CIN2/3-2219     no no 72% 
CIN2/3-4238a       no 64% 
(a)  The sample names for cervical lesions start with the cytological/histological status. CA: cancer. CIN: 
cervical intraepithelial neoplasia. HSIL: high-grade squamous intraepithelial lesion. LSIL: low-grade 
squamous intraepithelial lesion. 
(b)  ASP16-2 was performed by Bo Xu (Xu, 2010). 
(c)  See Introduction for details of E2/E6 qPCR. 
(d)  One ASP16 read contained only 6 bp of cellular sequences, too short to be identified by Blast. The 
sequence was identified as integration junction by comparison with the RS-PCR sequence. 
(e)  Artifact integration junction was identified from the ASP16 reads. The genuine junction was identified 
via cloning and sequencing, see text for details. 
(f)  Estimated integration percentages. 
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Figure 2.40: Junction-specific PCR for verification of HPV16 integration junctions identified in 
ASP16 sequence reads. Panel A shows the DNA amplification steps for HPV16 amplicon preparation and 
junction-specific PCR templates. The original DNA is amplified by GenomePlex whole genome 
amplification kit, to produce the OmniPlex library. HPV16 amplicons for Roche/454 GS-FLX sequencing 
were prepared from the OmniPlex libraries of each DNA. For the junction-specific PCR, the OmniPlex 
library was used first as template. After positive PCR results, the original DNA was used as template for 
PCR, if enough DNA was available. Panel B shows the primer design for junction-specific PCR. The top 
line represents an ASP16 sequence read containing a potential HPV16 integration junction. Two HPV16-
specific forward primers, F-1 and F-2, were selected. F-1 binds to HPV16 inside the ASP16 sequence read, 
and F-2 binds upstream of the ASP16 read. Two reverse primers, R-1 and R-2, were selected in the flanking 
cellular sequences. R-1 binds the cellular DNA within the ASP16 read, while R-2 binds outside this area. 
The primers were combined for PCR in four combinations. 
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Cell line MRI-H186 
MRI-H186 cells contain about 30-40 copies of HPV16 DNA integrated into chromosome 
8q24 near the c-myc oncogene (Xu, 2010). Two HPV16 3’ junctions have been identified, 
with the major junction at pos. 2754 and the minor junction at pos. 1224. The major 
junction is present as two integration variants, A and A+ (Xu, 2010). Variant A is a 
truncated HPV16 genome, whereas variant A+ includes a complete HPV16 genome 
(Figure 2.41). An integration percentage of 49% has been determined for this cell line by 
E2/E6 qPCR.  
 
With the previous knowledge about the HPV16 breakpoint positions, the major and minor 
integration junctions were expected in the sequences in primer groups E06 (2723) and 
E19 (1115), respectively. The sequence alignments of primer group E06 in both ASP16-3 
and ASP16-4 identified viral-cellular sequences with the major integration junction, 
together with purely viral sequences (Figure 2.42). The major integration was also 
detected in sequences of primer E27 (2628), located 95 bp upstream of primer E06. All 
informative sequences of primer E19, however, did not contain the minor integration 
junction. The results are summarized in Table 2.19.  
 
Concerning the major 3’junction at pos. 2754, two aspects for junction determination by 
ASP16 can be noted. First, the distance between primer and breakpoint is short (i.e. 11 nt 
for sequences in primer group E06), the viral-cellular junction can be determined 
efficiently in a large number of sequence reads. Second, if the distance between primer 
and breakpoint is longer (i.e. 104 nt for sequences in primer group E27), a small number 
of long sequence reads is sufficient to allow an unequivocal determination of a viral-
cellular junction. The minor 3’junction at pos. 1223 has been found by PCR experiments 
as two integration variants, B and A-B (Xu, 2010). In the ASP16 experiments, altogether 
118 (24+94) informative sequence reads were obtained from primer E19. However, all 
reads contained only HPV16 sequences. The reason why ASP16 failed to identify this 
junction is unclear. However, these results may indicate that variants B and A-B 
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Figure 2.41: Two variants of the major HPV16 integration junctions in MRI-H186. Taken from (Xu, 
2010). Variant A and A+ with the major integration junction at HPV16 pos. 2754 are shown. Gray boxes 
represent HPV16 DNA with positions indicated. Black lines represent cellular DNA. Blue boxes (1, 2, 3) 
represent the three exons of c-myc gene. 
 
 
Figure 2.42: Sequence alignment of primer group E06 of MRI-H186 in ASP16-4. The sequences are 
color-coded. Sequence names are indicated on the left. The reference HPV16R sequence is indicated and all 
bases are highlighted. For other sequences, bases are highlighted only if they are different from the 
reference sequence. The sequences above the reference HPV16R contain the integration junction with the 
HPV16 breakpoint at pos. 2754 (red arrow).  
 
Table 2.19: Features of the major and minor integration junctions of MRI-H186 in ASP16-3 and 
ASP16-4 sequence reads. 
Sample name MRI-H186 
Integration percentage by E2/E6 qPCR 49% 
Chromosome 8 8 
Cellular breakpoint position (NC_000008.10) 128746606 128675817 
Cellular DNA strand plus plus 
HPV16 break point position (major) pos. 2754 
(minor) pos. 
1224 
Primer group for junction identification E06 (2723) E27 (2628) E19 (1115) 
Primer positions 2723-2743 2628-2650 1115-1138 
Distance between 3'end of the primer and 
breakpoint 
11 bp 104 bp 86 bp 
Sample ID 2B01* 3B01 4B01 3B01 4B01 3B01 4B01 
Junction found? yes yes yes yes yes no no 
# of total reads in this primer group 671 186 485 66 44 283 478 
# of reads extending over breakpoint 388 129 444 17 15 24 94 
# of reads containing viral-cellular junction 320 112 343 15 14 0 0 
# of reads containing HPV16 after 
breakpoint 
68 17 101 2 1 24 94 
% of reads containing viral-cellular junction
(a)
 82 % 87 % 77 % 88% 93% 0 % 0 % 
Longest sequence read (nt) 
(b)
 - 105 130 171 151 - - 
* Experiment ASP16-2 was performed by Bo Xu (Xu, 2010). 
(a) The value was calculated from sequence reads extending over the breakpoint. The average value is 85%. 
(b) The >=18 nt GPUA sequence and the 4-nt barcode were excluded. 
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Cell line MRI-H196 
The HPV16 integration junction in cell line MRI-H196 was identified by RS-PCR (Xu, 
2010). The HPV16 breakpoint is located at pos. 3858, integrated into chromosome 11 at 
pos. 47967861 (NC_000011.9) on plus strand. This leaves the E2 gene (pos.2756-3853) 
intact in MRI-H196. By E2/E6 qPCR, a low integration percentage of 32% had been 
determined. In clinical samples, this value would indicate episomal DNA. The E2 primer 
pair used in E2/E6 qPCR amplifies the segment from pos. 3362 to pos. 3443, which is 
present in the integrated HPV16 DNA in this cell line.  
 
The sequence reads of primer E16 (3778) should contain the viral-cellular junction 
sequences. As shown in Table 2.20, all informative sequence reads from this primer group 
contained the integration junction sequence. In ASP16-3, the longest cellular part was 
only 8 nt, too short to be identified by Blast without prior knowledge of the integration 
junction. In ASP16-4, the longest cellular part was 102 nt, long enough to be mapped to 
chromosome 11.  
   
Table 2.20: Features of the integration junctions of MRI-H196 in ASP16-3 and ASP16-4 sequence 
reads 
Sample name MRI-H196 
Integration percentage by E2/E6 qPCR 32% 
Chromosome 11 
Cellular breakpoint position (NC_000011.9) 47967861 
Cellular DNA strand plus 
HPV16 break point position pos. 3858 
Primer group for junction identification E16 (3778) 
Primer positions 3778-3798 
Distance between 3'end of the primer and 
breakpoint 
60 bp 
Sample ID 3B02 4B02 
Junction found? yes yes 
# of total reads in this primer group 324 184 
# of reads extending over breakpoint 3 36 
# of reads containing viral-cellular junction 3 (only 8 nt cellular) 36 
# of reads containing HPV16 after breakpoint 0 0 
% of reads containing viral-cellular junction 
(a)
 100% 100% 
Longest sequence read (nt) 
(b)
 88 186 
(a) The value was calculated from sequence reads extending over the breakpoint. 
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Cell line SiHa 
SiHa contains one HPV16 copy integrated into chromosome 13 (Mincheva et al, 1987). 
The HPV16 3’ breakpoint is at pos. 3133 (Meissner, 1999). The sequences of primer E29 
(3037) should contain the integration junctions. This was also evident from the pattern of 
sequence read numbers (Figure 2.38). The results were as expected and are summarized in 
Table 2.21. Since SiHa cells contain only one integrated HPV16 copy, all informative 
sequence reads contained the viral-cellular junction. Again, a higher number of long reads 
in ASP16-4 in comparison to ASP16-3 was observed. 
 
Table 2.21: Features of the integration junction of SiHa in ASP16-3 and ASP16-4 sequences of primer 
E29 (3037). 
Sample name SiHa 
Chromosome 13 
Cellular breakpoint position (NC_000013.10) 74087558 
Cellular DNA strand minus 
HPV16 break point position pos. 3133 
Primer group for junction identification E29 (3037) 
Primer positions 3037-3058 
Distance between 3'end of the primer and breakpoint 75 bp 
Sample ID 3B03 4B03 
Junction found? yes yes 
# of total reads in this primer group 355 228 
# of reads extending over breakpoint 3 16 
# of reads containing viral-cellular junction 3 16 
# of reads containing HPV16 after breakpoint 0 0 
% of reads containing viral-cellular junction 
(a)
 100% 100% 
Longest sequence read (nt) 
(b)
 231 113 
(a) The value was calculated from sequence reads extending over the breakpoint.  
(b) The >=18 nt GPUA sequence and the 4-nt barcode were excluded. 
 
 
Cell line CaSki 
CaSki contains ~600 copies of full-length and rearranged HPV16 DNA (Callahan et al, 
1992) integrated as head-to-tail repeats (Baker et al, 1987). More than 10 distinct 
integration sites have been mapped to different chromosomes (Van Tine et al, 2004). A 
single transcriptionally active HPV16 integrant has been located on a derivative 
chromosome 14 in conjunction with chromosome 6 DNA (Van Tine et al, 2004). The 
viral-cellular junction sequence, found in transcripts and genomic DNA, contains the 
HPV16 breakpoint at pos. 3728 flanked by chromosome 6 sequences (Jeon & Lambert, 
1995; Smits et al, 1991; Van Tine et al, 2004). 
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Sequence reads of primer E32 (3696) may contain the integration junction. Due to the 
high number of about 600 HPV16 copies, the chance of finding sequences with the 
integration junction was estimated to be about 1:600. Among the 773 informative 
sequences in primer group E32, however, no sequence with integration junction was 
found. The features for sequence reads of primer E32 are shown in Table 2.22.  
 
Table 2.22: Features of primer E32 sequence reads of CaSki in ASP16-4. 
Sample name CaSki 
Chromosome 6 
Cellular breakpoint position (NC_000006.11) 45659121 
Cellular DNA strand minus 
HPV16 break point position pos. 3728 
Primer group for junction identification E32 (3696) 
Primer positions 3696-3717 
Distance between 3'end of the primer and breakpoint 11 bp 
Sample ID 4B04 
Junction found? no 
# of total reads in this primer group 793 
# of reads extending over breakpoint 773 
# of reads containing viral-cellular junction 0 
# of reads containing HPV16 after breakpoint 3728 
% of reads containing viral-cellular junction 
(a)
 0% 
Longest sequence read (nt) 
(b)
 172 
(a) The value was calculated from sequence reads extending over the breakpoint.  




The HPV16 integration junction in this DNA sample had previously been determined in 
ASP16-2 (Xu, 2010). This sample was re-analyzed in ASP16-4 (ID: 4B05). CA-07C381 
contains exclusively integrated DNA (Xu, 2010), see also Table 2.23. In agreement with 
the known HPV16 breakpoint at pos. 2783, the pattern of sequence read numbers clearly 
indicated that the breakpoint is situated downstream of primer E06 (2723) (Figure 2.43). 
All 26 informative E06 sequence reads contained the viral-cellular junction sequence 
(Table 2.23), consistent with the fully integrated status of HPV16 DNA in this tumor. 
Comparing ASP16-2 and ASP16-4, the number of informative sequence reads has been 
significantly increased from 2 to 26. 
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Table 2.23: Features of primer E06 sequence reads of CA-07C381 in ASP16-4 in comparison with 
those of ASP16-2 
Sample name CA-07C381 
Integration percentage by E2/E6 qPCR 100% 
Chromosome 12 
Cellular breakpoint position (NC_000012.11) 57686270 
Cellular DNA strand plus 
HPV16 break point position pos.2783 
Primer group for junction identification E06 (2723) 
Primer positions 2723-2742 
Distance between 3'end of the primer and breakpoint 41 bp 
Sample ID 4B05 2B06* 
Junction found? yes yes 
# of total reads in this primer group 42   
# of reads extending over breakpoint 26 2 
# of reads containing viral-cellular junction 26 2 
# of reads containing HPV16 after breakpoint 0 0 
% of reads containing viral-cellular junction 
(a)
 100% 100% 
Longest sequence read (nt) 
(b)
 198 171 
* Experiment ASP16-2 was performed by Bo Xu (Xu, 2010). 
(a) The value was calculated from sequence reads extending over the breakpoint. 




Figure 2.43: Patterns of sequence read numbers in ASP16-4 for CA-07C381. The graph (red) represents 
the number of reads in ASP16-4 after 28-nt cutoff for CA-07C381. The graph at the bottom  (gray) 
represents the average number of reads in ASP16 after 28-nt cutoff. The data for these plots are shown in 
Table 2.17. X-axis represents the primer group (with primer name indicated) and Y-axis the number of 
reads. The possible breakpoint area is circled in green. The green arrow indicates the primer group E06 that 
contain the HPV16 integration junction sequences with the breakpoint at pos. 2783 (see Table 2.23). 
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CA-07C368 
In ASP16-2, the HPV16 integration junction of sample CA-07C368 was identified in a 
curious manner (Xu, 2010). Three sequence reads of primer E03 (1576) contained a viral-
cellular junction which could not be verified by junction-specific PCR and thus was an 
artifact. One of the PCR products hybridized strongly with HPV16. Cloning and 
sequencing revealed a novel viral-cellular junction sequence, which proved to be 
authentic according to junction-specific PCR. The authentic HPV16 breakpoint is located 
at pos. 1910, and the HPV16 was found to have integrated into chromosome 1 at pos. 
240760698 (NC_000001.10) on plus strand. 
 
CA-07C368 was re-analyzed in ASP16-4 (ID: 4B21).  The authentic HPV16 junction was 
detected among the sequence reads in primer groups E23 (1860) and E11 (1785). The 
features of these sequence reads are summarized in Table 2.24. The artifact junction 
sequence of ASP16-2 was not found in the E03 sequence reads of 4B21.  
 
Table 2.24: Features of sequence reads of CA-07C368 in ASP16-4. 
Sample name CA-07C368 
Integration percentage by E2/E6 qPCR 84% 
Chromosome 1 
Cellular breakpoint position (NC_000001.10) 240760698 
Cellular DNA strand plus 
HPV16 break point position pos.1910 
Primer group for junction identification E23 (1860) E11 (1785) 
Primer positions 1860-1879 1785-1805 
Distance between 3'end of the primer and breakpoint 32 bp 106 bp 
Sample ID 4B21 
Junction found? yes yes 
# of total reads in this primer group 265 72 
# of reads extending over breakpoint 37 1 
# of reads containing viral-cellular junction 36 1 
# of reads containing HPV16 after breakpoint 1 0 
% of reads containing viral-cellular junction 
(a)
 97% 100% 
Longest sequence read (nt) 
(b)
 175 167 
(a) The value was calculated from sequence reads extending over the breakpoint. 
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HSIL-66019 and HSIL-61979 
Both HSIL-66019 and HSIL-61979 were isolated from CIN3 lesions and have integration 
percentage of 100%. In previous experiments, the HPV16 breakpoint of HSIL-66019 was 
localized between pos. 2451 and 2722 by PCR screening (Steinmeyer, 2009). Because all 
efforts failed to identify the HPV16 junction by PCR-cloning-sequencing methods 
(Steinmeyer, 2009), the DNA of HSIL-66019 was analyzed in ASP16-3 (ID: 3B18) and 
ASP16-4 (ID: 4B06). The possible HPV16 integration junction was detected in sequence 
reads of 3B18 from primer group E26 (2476) (Figure 2.44, panel A). The junction 
contained the HPV16 breakpoint at pos. 2516, integrated into chromosome 7 
(NC_000007.13) at three possible locations 72454568 (plus strand), 72818793 (plus 
strand) and 75010338 (minus strand). It was not possible to identify by junction-specific 
PCR which location is the correct one because these three locations on chromosome 7 
contain almost 100% sequence similarity, each location covering a large area of 20-200 
kb (Steinmeyer, 2009). The integration junction was confirmed by junction-specific PCR 
using the original DNA HSIL-66019 as template, and cloning-sequencing of the PCR 
products (Steinmeyer, 2009). In 4B06, the junction was also detected in sequence reads of 
primer E26. 
 
For HSIL-61979 (ID: 4B07), an HPV16 integration junction was also detected in primer 
group E26. This junction sequence was identical to that of HSIL-66019. The original 
DNA HSIL-61979 was used as template for junction-specific PCR, with the two primer 
pairs previously used for DNA HSIL-66019 (Steinmeyer, 2009) (Figure 2.44, panel B). 
Positive products were obtained, cloned and sequenced. The sequences (shown in 
Appendix A4) were identical to the junction-specific PCR products of DNA HSIL-66019. 
 
It is very unlikely that two unrelated DNA samples have exactly the same HPV16 
breakpoint and chromosomal integration site. Review of the sample numbers revealed that 
both DNA samples were collected from the same woman at a six-month interval, in April 
2007 (HSIL-61979) and October 2007 (HSIL-66019). The patterns of sequence read 
numbers for HSIL-66019 and HSIL-61979 are shown in Figure 2.45. All primer groups 
from E13 (2569) down to E16 (3778) lacked sequence reads. The primer group E26 
(2476), located just upstream of this blank region, contained the viral-cellular junction 
sequences.  
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These results clearly demonstrates that the ASP16 strategy is suited both for an 
appropriate localization of HPV16 integration breakpoints by inspection of sequence read 
patterns and for exact nucleotide sequence identification of integration junctions. The 
ASP16 features for the integration junction of samples HSIL-66019 and HSIL-61979 are 




Figure 2.44: HPV16 integration junction in E26 sequences of HSIL-66019 and junction-specific PCR. 
Panel A shows the sequence alignment of E26 sequences of HSIL-66019 (3B18). The sequences are color-
coded. Sequence names are indicated on the left. The reference HPV16R sequence is shown at the bottom 
and all bases are highlighted. For other sequences, bases are highlighted only if they are different from the 
reference sequence. All 14 reads above the reference HPV16R are composed of HPV16 and cellular 
sequences, with the HPV16 breakpoint at pos. 2516 (red arrow). Panel B shows the junction specific PCR 
of viral-cellular sequence detected in HSIL-66019 (3B18 and 4B06) and HSIL-61979 (4B07). The 
composition of the HPV16-cellular sequences is shown on top, with the three possible chromosomal 
integration sites indicated (blue arrows). The two primer pairs (green arrows) and the expected PCR 
products are shown below. The PCR results of the original DNAs of both samples are indicated on the right 
side. The junction-specific PCR for HSIL-66019 had also been performed previously (Steinmeyer, 2009). 
Primer sequences are given in Materials and Methods.  
 
80    Results   
 
 
Figure 2.45: Patterns of sequence read numbers in ASP16-4 for HSIL-66019 and HSIL-61979. The 
graphs represent the number of reads in ASP16-4 after 28-nt cutoff for HSIL-66019 (blue) and HSIL-61979 
(red), respectively. The graph at the bottom  (gray) represents the average number of reads in ASP16 after 
28-nt cutoff. The data for these plots are shown in Table 2.17. X-axis represents the primer group (with 
primer name indicated) and Y-axis the number of reads. The possible breakpoint area is circled in green. 
The green arrow indicates primer E26, whose sequences contain the HPV16 integration junction sequences 
(see Table 2.25). 
 
Table 2.25: Features of the integration junctions of samples HSIL-66019 and HSIL-61979 in ASP16. 
Sample name HSIL-66019 HSIL-61979 
Integration percentage by E2/E6 qPCR 100% 100% 
Chromosome 7 
Cellular breakpoint position (NC_000007.13) 72454568 or 72818793 or 75010338 
Cellular DNA strand plus or plus or minus 
HPV16 break point position pos. 2516 
Primer group for junction identification E26 (2476) 
Primer positions 2476-2497 
Distance between 3'end of the primer and breakpoint 19 bp 
Sample ID 3B18 4B06 4B07 
Junction found? yes yes yes 
# of total reads in this primer group 14 11 6 
# of reads extending over breakpoint 14 11 6 
# of reads containing viral-cellular junction 14 4 6 
# of reads containing HPV16 after breakpoint 0 (7) 
(c)
  0 
% of reads containing viral-cellular junction 
(a)
 100% (36%) 
(c) 
100% 
Longest sequence read (nt) 
(b)
 113 111 117 
(a) The value was calculated from sequence reads extending over the breakpoint. 
(b) The >=18 nt GPUA sequence and the 4-nt barcode were excluded. 
(c) Probably due to barcode error. 
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HSIL-75857 
The pattern of sequence read numbers of sample HSIL-75857 (ID: 4B09) (Table 2.17), 
gave no hint at a possible HPV16 breakpoint location. Therefore, the alignments of all 
primer groups were studied. A candidate integration junction was detected in the sequence 
reads of primer E19 (1115) (Figure 2.46, panel A), with HPV16 breakpoint at pos. 1149. 
The suspected junction was verified by junction-specific PCR with two primer pairs, 
using the original DNA HSIL-75857 as template (Figure 2.46, panel B). Both PCR 
reactions were positive, and the products were cloned and sequenced. The sequences 
(shown in Appendix A4) confirmed the detected HPV16 integration. The features of the 
sequences of primer E19 of HSIL-75857 are shown in Table 2.26. Although the E2/E6 
qPCR value of 100% integration indicated exclusively integrated HPV16 DNA, only 3% 
of the E16 sequence reads contained the viral-cellular junction, whereas 97% contained 
purely viral sequences. The reason for this discrepancy is unknown.  
 
 
Figure 2.46: HPV16 integration junction in E19 sequences of HSIL-75857 and junction-specific PCR. 
Panel A shows the sequence alignment of E19 sequences of HSIL-75857 (4B09). The sequences are color-
coded. Sequence names are indicated on the left. All bases of the reference HPV16R sequence are 
highlighted. In other sequences, bases are highlighted only if they are different from the reference sequence. 
All 8 reads above the reference HPV16R contain viral-cellular sequences, with the HPV16 breakpoint at 
pos. 1149 (red arrow). Panel B shows the junction specific PCR of viral-cellular sequence detected in 4B09. 
The composition of the HPV16-cellular sequences is shown on top. The two primer pairs (green arrows) 
and the expected PCR products are shown below. The PCR results of the original DNA HSIL-75857 as 
template are indicated on the right side. Primer sequences are given in Materials and Methods. 
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Table 2.26: Features of E19 sequence reads of DNA HSIL-75857 in ASP16-4. 
Sample name HSIL-75857 
Integration percentage by E2/E6 qPCR 100% 
Chromosome 6 
Cellular breakpoint position (NC_000006.11) 135721233 
Cellular DNA strand plus 
HPV16 break point position pos. 1149 
Primer group for junction identification E19 (1115) 
Primer positions 1115-1138 
Distance between 3'end of the primer and breakpoint 11 bp 
Sample ID 4B09 
Junction found? yes 
# of total reads in this primer group 1453 
# of reads extending over breakpoint 1420 
# of reads containing viral-cellular junction 41 
# of reads containing HPV16 after breakpoint 1379 
% of reads containing viral-cellular junction 
(a)
 3% 
Longest sequence read (nt) 
(b)
 165 
(a) The value was calculated from sequence reads extending over the breakpoint. 




Sample CIN2/3-1801 was analyzed in both ASP16-3 (ID: 3B09) and ASP16-4 (ID: 
4B14). The patterns of the sequence read numbers of each primer group in both ASP16-3 
and ASP16-4 (Table 2.16 and Table 2.17) gave no hint at any HPV16 breakpoint location. 
Thus, the sequence alignments of all primer groups were analyzed.  
 
In 3B09, five viral-cellular junction sequences were detected among 11 informative 
sequence reads of E23 (1860) with HPV16 breakpoint at pos. 1913 (Figure 2.47, panel 
A).  In 4B14, the integration junction sequence was also detected, but only in one 
sequence read and with only 19 nt of flanking cellular sequence. The features of the 
detected integration junction in DNA CIN2/3-1801 are summarized in Table 2.27. The 
possible HPV16 integration junction was examined by junction-specific PCR with two 
primer pairs using the OminiPlex library and the original DNA as templates. Both 
templates resulted in positive PCR products for both of the primer pairs (Figure 2.47, 
panel B).  The products from the original DNA template were cloned and sequenced. The 
sequences (shown in Appendix A4) confirmed the ASP16 sequence data.  
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Figure 2.47: HPV16 integration junction in E23 sequences of CIN2/3-1801 from ASP16-3 and 
junction-specific PCR. Panel A shows the sequence alignment of E23 (1860) sequences of CIN2/3-1801 
(3B09). The sequences are color-coded. Sequence names are indicated on the left. All bases of the reference 
HPV16R sequence are highlighted. In other sequences, bases are highlighted only if they are different from 
the reference sequence. All reads above the reference HPV16R contain viral-cellular sequences, with the 
HPV16 breakpoint at pos. 1913 (red arrow). Panel B shows the junction specific PCR of viral-cellular 
sequence detected in 3B09. The composition of the HPV16-cellular sequences is shown on top. The two 
primer pairs (green arrows) and the expected PCR products are shown below. The PCR results of the 
OmniPlex library and original DNA of CIN2/3-1801 as templates are indicated on the right side. Primer 
sequences are given in Materials and Methods. 
 
Table 2.27: Features of the integration junction detected in E23 sequences of CIN2/3-1801 in ASP16. 
Sample name CIN2/3-1801 
Integration percentage by E2/E6 qPCR 32% 
Chromosome 19 
Cellular breakpoint position (NC_000019.9) 1494405 
Cellular DNA strand minus 
HPV16 break point position pos.1913 
Primer group for junction identification E23 (1860) 
Primer positions 1860-1880 
Distance between 3'end of the primer and breakpoint 33 bp 
Sample ID 3B09 4B14 
Junction found? yes yes 
# of total reads in this primer group 252 176 
# of reads extending over breakpoint 11 9 
# of reads containing viral-cellular junction 5 1 (19 nt celular) 
# of reads containing HPV16 after breakpoint 6 8 
% of reads containing viral-cellular junction 
(a)
 45% 11% 
Longest sequence read (nt) 
(b)
 107 77 
(a) The value was calculated from sequence reads extending over the breakpoint. 
(b) The >=18 nt GPUA sequence and the 4-nt barcode were excluded. 
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CIN2/3-4242 
The clinical DNA CIN2/3-4242 was derived from a high-grade lesion (integration 
percentage 79%). The DNA was analyzed in both ASP16-3 (ID: 3B16) and ASP16-4 (ID: 
4B20). The pattern of sequence read numbers of 3B16 gave no hints at a possible HPV16 
breakpoint. Therefore, the sequence alignments of all primer groups for 3B16 were 
studied. A possible HPV16 integration junction was detected in one sequence read of 
primer E15 (3339).  
 
Junction-specific PCRs with four primer pairs were performed using the OmniPlex library 
and the original DNA as templates (Figure 2.48). From the OmniPlex template, a PCR 
product was obtained only with primer pair 4242-1, while the original DNA was negative 
for all primer pairs. The E15 sequence reads of 4B20 did not contain this detected 
integration junction. The features of the E15 sequence reads of both 3B16 and 3B20 are 
summarized in Table 2.28. Altogether, the results indicate that the detected viral-cellular 
sequence was an artifact, and that an HPV16 integration junction for DNA CIN2/3-4242 




Figure 2.48: Junction-specific PCR of a viral-cellular sequence detected in 3B16. The composition of 
the HPV16-cellular sequences is shown on top. The four primer pairs (green arrows) and their expected 
PCR products are shown below. The PCR results of the OmniPlex library and original DNA of CIN2/3-
4242 as templates are indicated on the right side. Primer sequences are given in Materials and Methods. 
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Table 2.28: Features of E15 sequence reads for sample CIN2/3-4242 in ASP16. 
Sample name CIN2/3-4242 
Integration percentage by E2/E6 qPCR 79% 
Chromosome 11 
Cellular breakpoint position (NC_000011.9) 123658992 
Cellular DNA strand minus 
HPV16 break point position pos. 3401 
Primer group for junction identification E15 (3339) 
Primer positions 3339-3361 
Distance between 3'end of the primer and breakpoint 41 bp 
Sample ID 3B09 4B20 
Junction found? false-positive no 
# of total reads in this primer group 197 153 
# of reads extending over breakpoint 112 124 
# of reads containing viral-cellular junction (1) 
(a) 
0 
# of reads containing HPV16 after breakpoint 111 124 
% of reads containing viral-cellular junction  0% 
Longest sequence read (nt) 
(b)
 219 141 
(a) False-positive, see text.  





DNA CIN2/3-1503 was analyzed in ASP16-3 (ID: 3B07) and ASP16-4 (ID: 4B12). The 
patterns of sequence read numbers gave no hint at a possible HPV16 breakpoint location. 
Therefore, the sequence alignments of all primer groups were analyzed.  
 
In 3B07, a viral-cellular junction sequence was detected in two sequence reads of primer 
E19 (1115), with HPV16 breakpoint at pos. 1245 (Figure 2.49, panel A). To examine the 
authenticity of this junction, junction-specific PCRs with two primer pairs were 
performed (Figure 2.49, panel B). The OmniPlex library and the original DNA were used 
as templates. The OmniPlex template gave a positive product only with primer pair 1503-
1, while the original DNA CIN2/3-1503 was negative for both primer pairs. The results 
indicated that the detected viral-cellular sequence is an artifact and not a genuine HPV16 
integration junction.  
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Figure 2.49: Analysis of viral-cellular junction sequences detected in DNA of CIN2/3-1503. Panel A 
shows the sequence alignment of E19 (1115) sequences of sample 3B07. The sequences are color-coded. 
Sequence names are indicated on the left. All bases of the reference HPV16R sequence are highlighted. In 
other sequences, bases are highlighted only if they are different from the reference sequence. The two reads 
above the reference HPV16R contain viral-cellular sequences, with the HPV16 breakpoint at pos. 1245 (red 
arrow). Panel B shows the junction-specific PCR of viral-cellular sequence detected in 3B07. The 
composition of the HPV16-cellular sequences is shown on top. The two primer pairs (green arrows) and the 
expected PCR products are shown below. The PCR results of the OmniPlex library and original DNA of 




The DNA LSIL-75022 was derived from a low-grade lesion. Despite its low-grade status, 
the integration percentage of 100% by E2/E6 qPCR indicates that it should contain fully 
integrated HPV16 DNA.  The viral load was very low (18 copies E7 per 50 ng DNA) 
compared to other samples (e.g. CA-07C368 with 71923 copies E7 per 50 ng DNA). 
Consequently, the total number of sequence reads of this DNA obtained in ASP16-4 was 
very low (see Table 2.17). Based on the pattern of sequence read numbers, possible 
HPV16 breakpoint positions were localized downstream of primer E23 (1860) and E31 
(3455) (Figure 2.50). The sequence alignments of primer groups E23 and E31-E16 were 
studied. In primer group E23, the alignment shows a number of sequence reads with long 
CA-rich non-HPV16 sequence (Figure 2.51, panel A). Because the GPUA reverse 
sequence consists exclusively of C and A residues, it was not possible to figure out 
whether these sequences are of GPUA or cellular origin. In primer group E31, two out of 
28 sequence reads contained a possible viral-cellular sequence of 23 nt (Figure 2.51, panel 
  Results     87 
B). Blasting these sequences to the human database was unsuccessful in mapping the 
sequences to a specific chromosome. The sequences of the remaining primer groups were 
also inspected, but no viral-cellular sequence could be detected. In summary, the 
breakpoint of the supposed integrated HPV16 DNA in LSIL-75022 could not be 
identified in experiment ASP16-4. 
 
 
Figure 2.50: Prediction of HPV16 breakpoint locations in DNA LSIL-75022. The graph at the top (red) 
represents the number of reads for each primer group after 28-nt cutoff of DNA LSIL-75022 (4B08). The 
graph at the bottom  (gray) represents the average number of reads in ASP16. The data for these plots are 
shown in Table 2.17. X-axis represents the primer group (with primer name indicated) and Y-axis the 
number of read. The possible breakpoint areas are circled in green. The green arrows indicate primer E23 
and E31, whose sequences may contain the HPV16 integration junction sequences. 
 
 
Figure 2.51: Sequence alignment of primer groups E23 and E31 of DNA LSIL-75022. Sequence names 
are indicated on the left. The sequences are color-coded. All bases of the reference HPV16R sequence are 
highlighted. In other sequences, bases are highlighted only if they are different from the reference sequence. 
In panel A, all E23 sequences below the reference HPV16R contain long CA-rich non-HPV16 DNA (A and 
C in red and blue colors). In panel B, the sequences above HPV16R contain a possible integration junction 
with short non-HPV16 sequence (circled in green) with a breakpoint at pos. 3586 (red arrow). 
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CIN2/3-2219 
The DNA CIN2/3-2219 was derived from a high-grade lesion (integration percentage 
72%). The patterns of sequence read numbers revealed possible HPV16 breakpoint 
locations downstream of primers E06 (2723) and E08 (3555) (Figure 2.52). The 
alignments of sequences from these two primer groups were studied. None of the 
sequences in these two primer groups was long enough to reach over the next downstream 
primers (E28 and E32, respectively). No viral-cellular sequence was identified among 
these sequences. Additionally, the alignments of all other primer groups were also 




Figure 2.52: Patterns of sequence read numbers for DNA CIN2/3-2219. The graphs represent the 
number of reads in ASP16-3 (blue) and ASP16-4 (red) after 28-nt cutoff. The graph at the bottom  (gray) 
represents the average number of reads in ASP16-4. The data for these plots are shown in Table 2.16 and 
Table 2.17. X-axis represents the primer group and Y-axis the number of read. The possible breakpoint 
areas are circled in green. The green arrows indicate the primer groups (E06 and E08) that may contain 
sequences with an integration junction. 
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Clinical DNA samples with no HPV16 breakpoint identified by ASP16 
Concerning the remaining eleven DNA samples (Table 2.18), the patterns of sequence 
read numbers (Table 2.16 and Table 2.17) did not reveal any hint for HPV16 integration 
breakpoint locations. In addition, after examination of the sequence alignments of all 
primer groups for these samples, no sequence reads with possible viral-cellular sequences 
were found. Therefore, no HPV16 integration junctions for these samples could be 
identified by ASP16. 
 
2.2.2.7 Locations of HPV16 integration junctions 
Integration of hr-HPV is an important step toward the development of invasive cancer  
(Hopman et al, 2004; Schneider-Gadicke & Schwarz, 1986). It usually results in stable 
expression of the viral oncogenes E6/E7 (Jeon & Lambert, 1995), which is necessary to 
cause cervical carcinomas (zur Hausen, 1999). Furthermore, it is hypothesized that the 
integrated HPV DNA can also alter the expression of cellular genes through insertional 
mutagenesis, such as activation of proto-oncogenes or inactivation of tumor suppressor 
genes. Therefore, the knowledge of the integration junction locations as well as the 
cellular sequences directly affected by HPV integration or located in the proximity to the 
junctions is important to gain more insights into possible insertional mutagenesis effects. 
For this purpose, the locations of the HPV16 integration junctions and the cellular genes 
in the vicinity were reviewed by data mining in the NCBI databank. The integration 
junctions of four clinical DNA samples were newly identified in ASP16-3 and ASP16-4: 
HSIL-66019, HSIL-61979, HSIL-75857, and CIN2/3-1801. Samples HSIL-66019 and 
HSIL-61979 were collected from one woman as two independent samples (see previous 
section) and contain an identical HPV16 integration site, which has already been reviewed 
for HSIL-66019 (Steinmeyer, 2009). Therefore, in the following, the HPV16 integration 
junctions in samples HSIL-75857 and CIN2/3-1801 are examined. 
 
For sample HSIL-75857, the HPV16 DNA is integrated into chromosome 6 within an 
intron of the Abelson helper integration site 1 (AHI1) gene (Figure 2.53). The integration 
site is located about 98 kb downstream from the 5’end of the first exon of the AH1 gene, 
which is transcribed from the opposite strand to the integrated HPV16 DNA. The 
integration site is located in the proximity of another five cellular genes. The MYB proto-
oncogene locates about 181 kb upstream from the integration site, while the 
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phosphodiesterase 7B (PDE7B) gene is about 451 kb downstream. Another three cellular 
genes are the HBS1-like (HBS1L), the non-protein coding RNA 271 (NCRNA00271), 
and the glyceraldehyde-3-phosphate dehydrogenase pseudogene 73 (GAPDHP73). 
 
 
Figure 2.53: Cellular genes in close proximity to the integrated HPV16 of sample HSIL-75857. HPV16 
DNA (red arrow) is integrated into chromosome 6 (top black arrow). Gray, blue, purple and green arrows 
represent coding regions and transcriptional directions of cellular genes, whose names are indicated above 
the arrows. The inlet at the bottom shows the exon-intron compositions of the AHI1 gene. AHI1: Abelson 
helper integration site 1. MYB: v-myb myeloblastosis viral oncogene homolog (avian). PDE7B: 
phosphodiesterase 7B. HBS1L: HBS1-like (S. cerevisiae). NCRNA00271: non-protein coding RNA 271. 
GAPDHP73: glyceraldehyde-3-phosphate dehydrogenase pseudogene 73. 
 
For sample CIN2/3-1801, the HPV16 is integrated in chromosome 19 within an intron of 
the cellular gene receptor accessory protein 6 (REEP6) (Figure 2.54). The integration site 
is located 3240 bp downstream from the 5’end of the first exon of REEP6, which is 
transcribed from the opposite strand to the integrated HPV16 DNA. The proprotein 
convertase subtilisin/kexin type 4 (PCSK4) gene locates 3998 bp upstream from the 
integration site, while the adenomatosis polyposis coli 2 (APC2) gene is about 21 kb 
upstream. There are another three cellular genes in the proximity of the integration site: 
ADAMTS-like 5 (ADAMTSL5), pseudogene polo-like kinase 5 (PLK5P), and 
chromosome 19 open reading frame 25 (C19orf25). 
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Figure 2.54: Cellular genes in close proximity to the integrated HPV16 of sample CIN2/3-1801. 
HPV16 DNA (red arrow) is integrated into chromosome 19 (top black arrow). Gray, green and blue arrows 
represent coding regions and the transcriptional directions of the cellular genes, whose names are indicated 
above the arrows. The inlet at the bottom shows the exon-intron composition of the REEP6 gene. REEP6: 
receptor accessory protein 6. ADAMTSL5: ADAMTS-like 5. APC2: adenomatosis polyposis coli 2. 
C19orf25: chromosome 19 open reading frame 25. PCSK4: proprotein convertase subtilisin/kexin type 4. 
PLK5P: polo-like kinase 5 (pseudogene).  
 
 
2.2.2.8 Sequence coverage of the HPV16 E1-E2 region by ASP16 sequence reads 
To determine whether the sequence reads from ASP16-3 and ASP16-4 cover the complete 
analyzed HPV16 E1-E2 area, a “representative E1-E2 sequence” of each DNA sample 
was created. First, a “representative primer group sequence” was selected from the 
alignment of each primer group of a DNA sample. Figure 2.55 shows an example. After 
the representative primer group sequences had been selected for all primer groups of a 
DNA sample, they were assembled to get the representative E1-E2 sequence of that DNA 
sample (Figure 2.56). The assembled sequences cover pos. 990-3853, starting with the 
first nucleotide after primer E18 (pos. 968-989) up to pos. 3853, which is the third 
nucleotide of the E2 stop codon TGA. Sequences from primer group E17 (810) were not 
included in the assembled E1-E2 sequences, because they were too short (about 50-60 nt) 
and never overlapped with sequences of the next primer E18 (968). 
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Figure 2.55: Example of a representative primer group sequence. The sequence alignment of primer 
group E08 of sample 3B11 is shown. HPV16R was used as reference sequence (top line). The four bases are 
highlighted in different color: A in red, C in blue, G in yellow and T in green. A representative primer group 
sequence (circled in blue) was selected as the sequence containing the most frequent nucleotide at every 
position, excluding the primer sequence. Red circles mark nucleotides that are different from the most 
frequent nucleotide at the given position. 
 
 
Figure 2.56: Model for assembly of a representative HPV16 E1-E2 sequence for a DNA sample. The 
locations of all RA_HPV16 primers are indicated along the black arrow. ORFs E1 and E2 are shown above 
as well as the area of assembled sequences (red line, top). In the lower part, the region from E18 to E02 is 
enlarged. The arrows represent four primers, for which representative primer group sequences (blue lines, 
“Rep-seq”) are shown. The “representative E1-E2 sequence” of this DNA sample, assembled from the 
representative primer group sequences, is shown as blue line at the bottom. The dotted green line indicates a 
region where no sequence information is available from the ASP16 sequence reads. 
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From each assembled representative E1-E2 sequence, the sequence coverage was 
calculated by the following formula: 
 
! 
(# _of _ nucleotides_ in _ assembled _ seq_ from _ pos._990_ to_ 3853)
(# _of _ total_ nucleotides_ from_ pos._990_ to_ 3853)
"100%  
 
The sequence coverage values for the 25 DNA samples are shown in Figure 2.57. The 
DNA samples HSIL-66019, HSIL-61979 and LSIL-75022 have very low sequence 
coverage, compared to others, due to the low number of sequence reads. Excluding these 
three DNA samples, the average sequence coverage in ASP16-3 and ASP16-4 was 89 %. 
Compared to the ASP16-2 in which only ~50% sequence coverage could be achieved, the 
optimized conditions in ASP16-3 and ASP16-4 gave much higher sequence coverage. 
The distribution of covered and uncovered parts in the assembled representative E1-E2 
sequences are illustrated in Figure 2.58. The nucleotide sequences are given in the 




Figure 2.57: Sequence coverage in ASP16-3 and ASP16-4. Each column represents a sequence coverage 
value (in percent) of a DNA sample in each experiment. The sequence coverage covers the HPV16 E1-E2 
area from pos. 990-3853. The columns are grouped by the DNA sample. The average sequence coverage 
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Figure 2.58: Assembled representative E1-E2 sequences of 25 DNA samples in ASP16-3 and ASP16-4. 
The HPV16R nucleotide positions are indicated on top, the DNA sample names on the left. ORFs E1 and 
E2 regions are indicated. Each black block represents a covered part for which sequence information could 
be assembled. Thin lines or blank represent uncovered parts for which no sequence information could be 
assembled from the ASP16 sequence reads.  
 
2.2.2.9 Nucleotide mutation analysis in HPV16 E1-E2 area and HPV16 variant 
classification 
HPV16 isolates are classified into variants, which are defined as HPVs that are maximally 
2% different in their L1 nucleotide sequence (de Villiers et al, 2004). Many HPV16 
variants had been identified not only by L1 sequence, but also by other regions such as 
E6, L2 and URR (Azizi et al, 2008; Casas et al, 1999; Chan et al, 1992; Ho et al, 1993; 
Kammer et al, 2002; Swan et al, 2005; Yamada et al, 1997; Yamada et al, 1995). Based 
on geographical distribution, five major phylogenetic branches (also called “lineages”) 
and one minor branch were identified, designated European (E), Asian (As), African-1 
(Af1), African-2 (Af2), Asian-American (AA) and North-American-1 (NA1), respectively 
(Chan et al, 1992; Ho et al, 1993; Yamada et al, 1995).  Linkage of nucleotide 
polymorphisms between different regions of the same HPV16 isolates had been 
demonstrated (Casas et al, 1999; Eriksson et al, 1999; Swan et al, 2005). Some HPV16 
variants were more often detected in high-grade cervical lesions than others, suggesting 
an important impact of HPV16 variants in cervical carcinogenesis (Kammer et al, 2000; 
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Matsumoto et al, 2000; Zehbe et al, 1998). HPV16 variants were shown to have different 
biochemical and biological properties and these may be one of the reasons for their 
different carcinogenic risks (Giannoudis & Herrington, 2001).  
 
The assembled representative E1-E2 sequences were used for HPV16 variant 
classification of the 25 analyzed DNA samples. This was first done for E2. First, a 
collection of HPV16 variants gathered from the literature were sorted according to their 
lineage, as shown in Table 2.29, panel A. For each lineage, the nucleotide polymorphism 
patterns of the collected variants were manually aligned, and the variants were sub-
grouped accordingly. As a result, a set of nine “reference nucleotide polymorphism 
pattern groups” covering the HPV16 E2 ORF (pos. 2756-3853), was created: four groups 
for the E lineage, two for the AA lineage and one for each As, Af1 and Af2 lineage. A 
reference nucleotide polymorphism pattern was created for each group, with mandatory 
and optional nucleotide mutations defined. The mandatory mutations are present in all 
variants within the same group, while the optional mutations are not. Because no E2 
sequence has yet been described for the NA1 lineage, any variant of NA1 lineage could 
not be identified by this set of reference E2 polymorphism patterns. 
 
Based on the available sequence information in the assembled representative E1-E2 
sequences, the twenty-five DNA samples were assigned to the most similar or identical 
reference pattern, as shown in Table 2.29, panel B.  All nucleotide mutations in the E2 
ORF region were included in the table. Fifteen samples were successfully assigned to a 
single pattern, while it was not possible for the remaining 10 samples due to lack of 
adequate sequence information. Additional thirteen mutation positions, which are not 
present in the collected HPV16 variant sequences (Table 2.29, panel A), were found in 
nine DNA samples (Table 2.29, panel B). These mutations may either be variant-specific 
thus indicating new unknown HPV16 variants, or sample-specific indicating additional, 
spontaneous mutations occurred in the sample infected with known variants. For DNA 
samples CIN2/3-3009, CIN2/3-3035 and CIN2/3-4242, their patterns showed the highest 
similarity to those of AA (1) and AA (2), but do not fit all the mandatory mutations for 
them to be assigned with either pattern. These three samples may contain HPV16 variants 
of NA1 lineage because it is closely related to AA lineage (Yamada et al, 1995).  
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For DNA samples that could not be successfully assigned to a variant/lineage by the E2 
sequence, assignment was accomplished by using the HPV16 E6 region. The nucleotide 
sequence of the NA1 lineage for the E6 region is available (Yamada et al, 1995), therefore 
all six lineages could now be assigned. Similar to E2, a set of reference nucleotide 
polymorphism patterns covering the E6 ORF (pos. 83 -559) was created from a collection 
of 35 HPV16 variants, as shown in Table 2.30, panel A. Out of these 35 variants, thirty-
two had been used previously for the E2 reference patterns. Seven reference patterns were 
created for all six lineages. The HPV16 variants of the E lineage were divided into two 
pattern groups, Ep and E-T350G, whereas a single reference pattern was assigned to each 
of the other five lineages (Table 2.30, panel A). The sequences of HPV16 E6 ORF in the 
25 DNA samples were determined by PCR amplification using the primers H16-44F and 
H16-691R (sequences shown in Materials and Methods), cloning and sequencing. The 
HPV16 E6 sequences of the DNA samples (shown in Appendix A6) were compared to 
the reference patterns, and the most similar or identical pattern was assigned to all DNA 
samples (Table 2.30, panel B). 
 
All DNA samples could now be successfully assigned. As assumed from the E2 
sequences, the DNA samples CIN2/3-3009, CIN2/3-3035 and CIN2/3-4242 were 
assigned to NA1 lineage by E6 sequences. No E2 sequence information had been 
obtained for samples HSIL-66019, HSIL-61979 and CA-07C381 because the breakpoints 
of the fully integrated HPV16 genomes are located upstream of E2. The E6 sequences 
showed that samples HSIL-66019 and HSIL-61979 belong to the Ep variant group, and 
sample CA-07C381 the E-T350G variant group. 
 
The nucleotide polymorphisms in the E1 gene were obtained from the assembled 
representative HPV16 E1-E2 sequences and are shown in parallel with those of E2 and E6 
genes (Table 2.31). Despite incomplete sequence information in the E1-E2 region, 
nucleotide co-variation in E1, E2 and E6 genes among the same lineage became apparent, 
especially for lineages NA1 and Af1. Though incomplete, these data provide for the first 
time the clear linkage of nucleotide variations in E1, E2 and E6 genes of the NA1 lineage. 
 
The effects of the nucleotide variations on the amino acid sequences were investigated. 
The E6 protein sequences were translated from the complete E6 nucleotide sequences. For 
E1 and E2 proteins, the assembled nucleotide representative E1-E2 sequences were 
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translated into amino acid residues. Because the gaps in the assembled sequences prevent 
correct-frame translation, “N” nucleotides were added to these gaps to make continuous 
sequences. The amino acid changes of E6, E1 and E2 protein of all DNA samples are 
shown in Table 2.32. No mutation inducing premature stop codon (nonsense mutation) 
was observed. The most frequently detected non-synonymous mutations were E6 L83V 
(in 16 of 25 samples), E1 S220T (in 12 of 25 samples) and E2 P219S (in 14 of 20 
samples). The number of non-synonymous mutations is similar to the number of silent 
mutations in most cases (European lineage ORFs E6, E1 and E2; NA1/Af1/Af2 lineages 
ORFs E6 and E1). In ORF E2 of NA1/Af1/Af2 lineages, however, the number of non-
synonymous mutations is 3-4 fold higher than that of silent mutations.  
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Table 2.30: Nucleotide polymorphisms in HPV16 ORF E6 and variant assignment. 
A: Reference patterns of nucleotide polymorphisms in ORF E6. 
B: Nucleotide polymorphisms in ORF E6 of 25 DNA samples in comparison with the reference patterns. 
 
(a)-(e) See footnotes of Table 2.29. (b) additional references: Ref 11 (Yamada et al, 1995), and Ref 12 
(Eriksson et al, 1999). (f) Because the early promoter is located at nucleotide 97, ORF E6 is translated from 
the second ATG codon (nucleotide 104). (§) Referred to Table 2.29. 
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2.2.2.10 Summary of ASP16 results for HPV16 integration and mutation analysis 
The integration junctions identified in ASP16-3 and ASP16-4, the sequence coverage and 
the assigned variants/lineages of each sample are shown in Table 2.33. All four cell lines 
belong to the European lineage. The 21 clinical DNA samples were obtained from 20 
women, with samples HSIL-66019 and HSIL-61979 collected from the same woman. 
Among these 20 individuals, 13 contain HPV16 variants of European lineage, 4 of 
African and 3 of North-American.  
 
















MRI-H186 49 2754 8 - 128746606 - plus - NC_000008.10 Ep 96% 
MRI-H196 32 3858 11 - 47967861 - plus - NC_000011.9 E-T350G 95% 
SiHa  3133 13 - 74087558 - minus - NC_000013.10 E-T350G 90% 
CaSki      E-T350G 94% 
Clinical samples for which HPV16 integration breakpoints were identified by ASP16 * 
CA-07C381 100 2783 12 - 57686270 - plus - NC000012.11 E-T350G 59% 
CA-07C368 84 1910 1 - 240760698 - plus - NC000001.10 Ep 82% 
HSIL-66019 100 30% 
HSIL-61979 100 
2516 
7 - 72454568 - plus - NC_000007.13, or 
7 - 72818793 - plus - NC_000007.13, or 
7 - 75010338 - minus - NC_000007.13 
Ep 
28% 
HSIL-75857 100 1149 6 - 135721233 - plus - NC_000006.11 E-T350G 86% 
CIN2/3-1801 72 1913 19 - 1494405 - minus - NC_000019.9 E-T350G 92% 
Clinical samples for which HPV16 integration breakpoints were not identified by ASP16 ** 
CIN2/3-0004 82     Ep 90% 
CIN2/3-2229 76     Ep 100% 
CIN2/3-4238a 64     Ep 79% 
CIN2/3-0001 76     E-T350G 93% 
CIN2/3-0002 74     E-T350G 96% 
CIN2/3-1503 74   false-positive E-T350G 94% 
CIN2/3-2227 99     E-T350G 97% 
LSIL-75022 100     E-T350G 20% 
CIN2/3-3009 81     NA1 95% 
CIN2/3-3035 74     NA1 95% 
CIN2/3-4242 79   false-positive NA1 94% 
CIN2/3-0005 95     Af1 90% 
CIN2/3-1511 87     Af1 98% 
CIN2/3-2219 72     Af1 81% 
CIN2/3-2237 98     Af2 77% 
(a) The sample names include the histological/cytological status as a prefix. CA: cervical carcinoma. CIN: 
cervical intraepithelial neoplasia. LSIL/HSIL: low/high-grade squamous intraepithelial lesion. 
(b) The variant assignment is based on E6 polymorphisms. See also Table 2.30. 
* Sorted by histological/cytological status. 
** Sorted by lineage/variants. 
 




3.1 Complete sequence of integrated HPV68b in ME180 and ME180R 
The complete sequences of the integrated HPV68b DNA in cell lines ME180 and 
ME180R have been determined in this study. In comparison to the previous sequence of 
cloned restriction fragment AA13.1 (Reuter et al, 1991), the newly determined 
HPV68b(int)-ME180 is about 6.1 kb larger. The size difference corresponds to the 
probably cloning-induced rearrangement of AA13.1 where almost the complete 5’copy 
was deleted (Figure 2.3). The new sequence HPV68b(int)-ME180 contains two 
incomplete HPV68b copies, integrated in head-to-head arrangement. In cervical 
carcinoma cell lines, HPVs were found to be integrated as a single incomplete copy such 
as in SiHa (Meissner, 1999), or as a disrupted copy flanking an additional complete copy 
as in MRI-H186 (Xu, 2010) (see Figure 2.41) or flanking multiple complete copies as in 
CaSki (Baker et al, 1987; Callahan et al, 1992). These multiple integrated HPV copies 
were found in tandem head-to-tail arrangement. To our knowledge, the integrated 
HPV68b in ME180 is the only known case of head-to-head arrangement of integrated 
HPV in cervical carcinoma cell lines. Because the URR, and ORFs E6 and E7 in both 
5’copy and 3’copy are intact, the viral oncogenes E6/E7 can be expressed from both 
copies. 
 
In the sub-line ME180R which had been selected for resistance to growth-inhibition by 
TNFalpha (Pfreundschuh et al, 1989), the sequence HPV68b(int)-ME180R contains two 
large deletions, compared to ME180 (Figure 2.6). As the result, only URR, and ORFs E6 
and E7 in the 5’copy are intact. It was investigated in this study whether alterations of the 
integrated HPV68b DNA are a recurrent phenomenon associated with selection of ME180 
cells for resistance to TNFalpha. Two new TNFalpha-resistant variants, ME180-2A and 
ME180-3A, were selected which showed no alteration in the integrated HPV68b DNA. 
Thus, it was concluded that the two large deletions in ME180R are not necessary for 
TNFalpha resistance phenotype. Other cellular variations may contribute to this 
phenotype (Manchester et al, 1993; Nishikawa et al, 1992). 
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3.2 Full-length HPV68b genomes  
In this study, a full-length (complete) HPV68b genome, HPV68b-CIN2, and a partially 
deleted genome, HPV68b-CIN2-Del, have been isolated from a CIN2 DNA sample. 
Compared to the full-length genome HPV68b-CIN2, the HPV68b-CIN2-Del genome 
carries a 1229-bp deletion in ORF E1, resulting in a premature stop codon of E1 
immediately downstream of the deletion site (Figure 2.15). Since functional E1 protein is 
necessary for viral episomal genome maintenance but unnecessary for integrated HPV, it 
was hypothesized that the HPV68b-CIN2-Del genome was likely integrated rather than 
episomal. This is supported by genomic Southern blot analysis, which indicated a 
probably integrated status. Because no additional CIN2 genomic DNA for further studies 
was available, it was impossible to proof this assumption and to determine whether the 
full-length HPV68b-CIN2 genome is integrated or episomal. Furthermore, it remained 
unclear whether the two genomes were present in the same cell or originated from 
different cells of the CIN2 sample.  
 
The presence of intact genome and E1-disrupted genome of HPV62 in a single cervical 
sample of normal cytology had been reported (Fu et al, 2004), where a single nucleotide 
in the 5’ region of E1 was deleted in the disrupted genome resulting in a premature stop 
codon. Single nucleotide deletions in E1 ORF that caused premature stop codons were 
also detected in the reference genome sequences of HPV16, HPV53, HPV56, and HPV72 
(Fu et al, 2004). Although the HPV68b-CIN2-Del carries a much larger deletion in ORF 
E1, it resulted in the same consequence of a premature stop codon. Altogether, these data 
show that the disruption in ORF E1 maybe rather common among genital HPVs. 
 
The nucleotide sequence of HPV68b-CIN2 shows 99% similarity to HPV68b-ME180, 
93% similarity to HPV68a subtype (accession DQ080079), and 99% similarity to the 
recently published complete nucleotide sequence of the HPV68b variant HPV68b-
EU918769 (Wu et al, 2009). The HPV68b-CIN2 and HPV68b-EU918769 genomes are 





106    Discussion   
 
3.3 HPV68 subtypes and variants 
In an effort to determine HPV68 subtypes/variants among the eleven HPV68-positive 
clinical samples analyzed in this study, the nucleotide sequences (491 bp) of URR have 
been determined and compared with other published sequences (Table 2.10). The 
phylogenetic tree, constructed from these URR sequences, including HPV68b-CIN2, 
HPV68b-ME180, HPV68b-EU918769 and other HPV68b variants, clearly shows two 
deep dichotomic branches for HPV68a and HPV68b subtypes (Figure 2.21).  
 
Sample Reims-12 contains subtype HPV68a. The analyzed URR sequence of sample 
Reims-12 is identical to that of HPV68a-DQ080079. Since both HPV68a genomes were 
isolated from cervical lesions of French women, it is likely that these two HPV68a 
genomes belong to the same HPV68a variant present in France. DQ080079 is the only 
published HPV68a sequence so far (Longuet et al, 1996). 
 
The 41 samples in the study of (Calleja-Macias et al, 2005) had been collected from 
Brazil, Mexico, the United States, South Africa, Hong Kong and Scotland, while all 
eleven samples analyzed in this study were collected in France. All 41 samples (100%) in 
the study of (Calleja-Macias et al, 2005) contain subtype HPV68b, whereas 10 out of 11 
samples (91%) analyzed in this study contain subtype HPV68b. It is clear from these 
observations that subtype HPV68b is more widely distributed and more frequently found 
than subtype HPV68a. HPV68a may be more prevalent in France than in other countries. 
It will be interesting to analyze whether HPV68a and HPV68b differ in their propensity to 
establish persistent infections, as has been shown for HPV16 variants (Schiffman et al, 
2010). 
 
3.4 Optimized ASP16 strategy and computer analysis programs 
The ASP16 strategy was developed for massively parallel sequencing of HPV16 DNA in 
clinical samples with the main purpose of determining HPV16 integration junctions (Xu, 
2010). It employs one of the next generation sequencing technologies, Roche/454 GS-
FLX pyrosequencing (http://www.454.com/).  
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Because of the high output volumes for each sequencing run by Roche/454 GS-FLX, 
computer analysis programs are required to assist in initial sequence data management. 
The data analysis softwares provided by the manufacturer of Roche/454 GS-FLX system, 
such as GS Reference Mapper Software or GS Amplicon Variant Analyzer Software, are 
not directly suitable for our purposes. Therefore, in this study, four sets of ASP16 analysis 
computer programs were specifically created and configured for basic analysis of HPV16 
sequence reads from ASP16 experiments. The programs can deliver sorted and edited 
sequence alignments in FASTA format, according to their sample IDs and primer groups. 
The output alignments provide a direct and simple mean to investigate HPV16 sequences 
and to detect HPV16 integration junctions. Furthermore, the programs also deliver basic 
statistical data such as sequence read counts for each sorted category. The programs had 
been used successfully to analyze the sequence data in ASP16 experiments. 
 
Four ASP16 experiments had been performed until now. The first two experiments, 
ASP16-1 and ASP16-2, were conducted by Bo Xu (Xu, 2010). It had been demonstrated 
that the ASP16 strategy could successfully identify HPV16 integration junctions in cell 
lines and clinical samples. The average sequence read lengths of these two experiments 
were 116 nt and 92 nt, respectively. In ASP16-2, 16 combinations of HPV16 primers 
were used, each located about 200 bp apart, resulting in only about 50% sequence 
coverage of the analyzed HPV16 E1-E2 region. This reduced the chance of finding 
integration junction by 50%. Therefore, to obtain better performance, the ASP16 strategy 
was further optimized during the two experiments ASP16-3 and ASP16-4, performed in 
this study. The HPV16 primer combinations were optimized to locate about 100 bp apart 
by increasing the number of primer combinations (Figure 2.33). The average sequence 
read lengths were increased from 92 nt in ASP16-2 to 105 nt and 108 nt in ASP16-3 and 
ASP16-4 (Table 2.15). Closer inspection into the sequence data revealed that more longer 
reads were obtained in ASP16-3 and ASP16-4 (Figure 2.36 and Figure 2.37). The 
reduction of distance between primers to 100 nt and the increase of average read length to 
105-108 nt, together, contributed to 89% average sequence coverage in both experiments.  
 
The previously determined HPV16 integration junctions of cell lines MRI-H186, MRI-
H196 and SiHa were identified in the sequence reads of ASP16-3 and ASP16-4 (Table 
2.18). In ASP16-2, it was not possible to identify the junctions in SiHa due to unsuitable 
primer locations, and the identified junction in MRI-H196 was too short to be mapped to 
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chromosome 11 by Blast (Xu, 2010). The verified HPV16 integration junctions in two 
cervical carcinoma samples CA-07C381 and CA-07C368, previously analyzed in ASP16-
2, were redetected in ASP16-4. Altogether, these results demonstrate higher efficiency of 
the optimized ASP16 strategy in identifying HPV16 integration junctions. Cell line CaSki 
was also analyzed in ASP16-4. It is known to contain ~600 integrated HPV16 copies in 
tandem repeats, but only one 3’junction. No HPV16 integration junction could be 
detected in any sequence reads of CaSki in ASP16-4. This indicates that the ASP16 
strategy does not allow detection of an HPV16 integration junction in a background of 
about 600 full-length HPV16 genomes. This might become possible if the number of 
sequence reads per primer is increased by two or three folds. 
 
In ASP16-3, false-positive HPV16 integration junctions were identified in 1 and 2 
sequence reads of samples CIN2/3-4242 and CIN2/3-1503, respectively. False-positive 
integration junctions were also identified in 12 clinical samples analyzed in ASP16-1 and 
ASP16-2 (Xu, 2010). These false-positive sequence reads are artifacts that may be 
produced during the multiple amplification steps for preparation of HPV16 amplicons. 
However, the number of false viral-cellular sequence reads in ASP16-3 and ASP16-4 is 
very low, and has decreased from the first two ASP16 experiments, possibly by 
optimization of the ASP16 conditions. This improvement indicates that the optimized 
ASP16 strategy can deliver highly specific sequence reads. 
 
Among 25 DNA samples analyzed in ASP16-3 and ASP16-4, genuine HPV16 integration 
junctions have been identified in 3 out of 4 cell lines (75%) and in 6 out of 21 clinical 
samples (29%) (Table 2.33). All clinical samples were expected to contain integrated 
HPV16 DNA based on their percent integration values determined by E2/E6 qPCR. 
However, integration junctions could only be identified in 29% of these samples. This 
low determination rate might be due to a low efficiency of the ASP16 strategy, but other 
reasons are more likely. Closer inspection of the 21 clinical samples showed that the 
integration junctions were identified in 6 out of 14 samples of European lineage (43%), 0 
out of 3 samples of NA1 lineage, and 0 out of 4 samples of Af1/Af2 lineages. It had been 
demonstrated that nucleotide variations in non-European lineages at the binding regions 
for E2/E6 qPCR primers and probes could result in faulty estimation of HPV16 genome 
status (Jiang et al, 2009). Thus, the percent integration values determined by E2/E6 qPCR 
of the 7 clinical samples of NA1 and Af1/Af2 lineages may be too high misrepresenting 
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HPV16 integration. Several studies have been performed in the past aimed at determining 
the proportion of CIN2/3 lesions and carcinomas harboring integrated HPV16 DNA 
(Briolat et al, 2007; Hudelist et al, 2004; Li et al, 2008; Saunier et al, 2008; Woodman et 
al, 2007). The results were different, ranging from about 20% to almost 80%, giving an 
average value of about 50%. The proportion of samples with integrated HPV16 DNA in 
our collection, 29% for all and 43% for the European lineage, fits perfectly into this 
range. Therefore, it seems possible that the samples, for which ASP16 failed to identify 
any integration junction, indeed harbor episomal HPV16 DNA. 
 
Disruption or deletion of E2 caused by HPV16 DNA integration is thought to be a central 
step in cervical cancer development. Nevertheless, it is evident that some cervical 
carcinomas definitely contain only episomal HPV16 DNA (Hudelist et al, 2004; Park et 
al, 1997; Vinokurova et al, 2008). It is not yet clear whether two pathways of HPV16-
induced carcinogenesis exist, one with HPV16 DNA integration as an essential step, and 
the other for which the integration is not obligatory because E2 inactivation is achieved 
by other means. It was suggested that the E2 variations of AA lineage where E2 is 
retained may be an alternative mechanism for increasing E6/E7 oncogene expression 
(Casas et al, 1999). This is supported by another study in which E2 of AA lineage was 
found to be impaired for repression of E6/E7 oncogene transcription (Ordonez et al, 
2004). Because the nucleotide variations in ORF E2 of NA1, Af1 and Af2 lineages are 
highly similar to that of AA lineage (Table 2.29 and 2.31), it is likely that the E2 of these 
three lineages may possess similar properties as the AA-E2, regarding the regulation of 
E6/E7 expression.  
 
Overall, these results demonstrate that the optimized ASP16 strategy has the potential to 
analyze series of HPV16-positive clinical samples in parallel, detect HPV16 integration 
sites, and provide high coverage of HPV16 E1-E2 nucleotide sequences. The sequences 
of E1-E2 region can be used to identify mutations and assign HPV16 variants as 
demonstrated in this study. The integration junction analysis of the four cell lines shows 
that the ASP16 has a great potential to identify existent HPV16 integration junctions with 
the exception of samples containing a high background of full-length HPV16. The ASP16 
strategy is the first method that combines the next generation sequencing technologies 
with HPV sequence analysis. In future development of the ASP16 strategy, it is planned 
to apply this strategy to other hr-HPV types, in particular HPV18 which is detected as 
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integrated DNA in almost 100% cervical carcinomas  (Hudelist et al, 2004; Vinokurova et 
al, 2008). Furthermore, the Roche/454 GS-FLX will be replaced by Illumina/Solexa 
sequencing system, which probably has the advantage in delivering higher output 
volumes (~600 folds) with comparable costs. The increased output volumes will allow 
more samples to be analyzed per sequencing round, e.g. increasing from 20 samples to 
40-50 samples, and possibly will allow the detection of integration junction in samples 
with high full-length HPV backgrounds, such as CaSki. 
 
3.5 Possible consequences of HPV16 integration in samples HSIL-75857 
and CIN2/3-1801 
The integration of hr-HPV DNA into cellular DNA results in stable expression of viral 
oncogenes E6/E7 (Jeon & Lambert, 1995), which could result in transformation of the 
infected cells and progression into cancer (Munger et al, 1989). Furthermore, the 
integrated hr-HPV DNA may activate cellular proto-oncogenes or inactivate cellular 
tumor suppressor genes via insertional mutagenesis as suggested and demonstrated in 
earlier studies (Couturier et al, 1991; Peter et al, 2006; Reuter et al, 1998; Xu, 2010). 
When HPV DNA is integrated upstream or within and in the same orientation as a cellular 
gene, viral-cellular fusion transcripts can be produced which are initiated at the early viral 
promoter and contain the viral E6/E7 oncogenes followed by complete or truncated 
cellular genes (Kraus et al, 2008; Reuter et al, 1998; Wentzensen et al, 2004; Xu, 2010; 
Ziegert et al, 2003). The flanking cellular DNA may have an enhancer effect on viral 
oncogene expression, and vice versa, the HPV enhancer elements can lead to activation of 
cellular genes in the integration locus (von Knebel Doeberitz et al, 1991). 
 
In sample HSIL-75857, HPV16 was found integrated into chromosome 6 in an intron of 
the AHI1 gene in opposite direction, and in proximity to two other cancer-relevant 
cellular genes, the MYB proto-oncogene and the PDE7B gene (Figure 2.53). AHI1 was 
suggested to be involved in tumor formation by interaction with other oncogenes such as 
c-myc or the tumor suppressor gene NF1 (Jiang et al, 2002). Mutations of AHI1 were 
reported to cause Joubert syndrome (JS) related disorders (Valente et al, 2006). The 
integrated HPV16 DNA may activate AHI1 gene expression. The presence of the 
integrated HPV16 DNA may also interfere with correct splicing of AHI1 transcripts. 
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MYB is a cellular proto-oncogene that can be activated by several mechanisms, including 
overexpression (Ramsay & Gonda, 2008). MYB was found to be overexpressed in 
cervical cancers and can transactivate HPV16 E6/E7 oncoprotein expression (Nurnberg et 
al, 1995). Integration of HPV16 DNA in the vicinity of the c-myc proto-oncogene has 
been shown to increase myc expression (Couturier et al, 1991; Peter et al, 2006; Xu, 
2010). Thus, it is possible that the integrated HPV16 DNA, located about 181 kb 
downstream of myb gene, could activate the myb proto-oncogene expression, and 
thereby, contributing to carcinogenesis.  The integrated HPV16 DNA is also located ~451 
kb upstream of the cellular PDE7B gene. PDE7B was reported to be upregulated in 
chronic lymphocytic leukemia (CLL) (Zhang et al, 2008). Despite the relatively long 
distance, the integrated HPV16 DNA may affect also PDE7B expression. 
 
In sample CIN2/3-1801, HPV16 was found integrated into chromosome 19 into an intron 
of the cellular REEP6 gene in opposite direction, and in proximity of two other cancer-
relevant cellular genes, the APC2 and PCSK4 genes (Figure 2.54). REEP6 was proposed 
to be a tumor suppressor gene, and its polymorphisms are associated with colon cancer 
and inflammatory bowel disease (IBD) (Wellmann et al). As in the case of AHI1 gene 
described above, the integrated HPV16 may interfere with REEP6 expression. In addition, 
flanking cellular DNA may affect viral E6/E7 oncogene expression. PCSK4 is a 
multifunctional protein, which can activate p53 function (Batta & Kundu, 2007) as well as 
nonhomologous end joining and double strand break (DSB) repair activity (Batta et al, 
2009). Since the integrated HPV16 DNA is located just 3998 bp upstream of PCSK4 gene 
in the same orientation, it is possible that viral-cellular fusion transcripts may be 
produced. APC2 is homologous to the tumor suppressor gene APC (van Es et al, 1999), 
which is associated with colon cancer (Munemitsu et al, 1995), and therefore may share 
functions with APC. APC2 was also suggested to be a potential tumor suppressor in 
ovarian cancer (Jarrett et al, 2001). The integrated HPV16 DNA may act as cis-acting 
regulatory sequence.  
 
The HPV16 integration sites of both samples HSIL-75856 and CIN2/3-1801 locate in the 
vicinity of cellular proto-oncogenes or tumor suppressor genes. The hypothesized 
consequences of HPV16 integration upon the cellular genes can be investigated on RNA 
and protein levels, if the respective materials are available from the clinical samples. The 
HPV16 integration sites of the two samples support the assumption that HPV integration 
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is important for cervical carcinomas not only by deregulating/activating E6/E7 oncogene 
expression, but also by altering cancer-relevant cellular genes. 
 
Up to the present, more than 200 HPV integration loci had been identified (Kraus et al, 
2008; Wentzensen et al, 2004; Yu et al, 2005). However, the consequences of viral 
integration have not been investigated for these identified integration loci. With the vast 
resources of human genome sequences, genes and proteins now available through many 
database providers, such as NCBI, it is possible to create computer algorithms that can 
predict the outcomes of HPV integrations. Many tools are already available, such as gene 
structure and alternative splicing prediction (Coward et al, 2002), regulatory element 
prediction (Robertson et al, 2006) and protein interaction prediction (Jansen et al, 2003). 
In combining several available tools, different aspects of the effects of HPV integration 
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4. Materials and methods 
4.1 Chemicals, commercial media/solutions and antibiotics 
Acetic acid, glacial     Sigma Aldrich, Munich 
Agarose      Sigma Aldrich, Munich 
Ampicillin, sodium salt, powder    AppliChem, Darmstadt 
Bacto agar      Becton Dickinson, Heidelberg 
Bovine serum albumin (BSA)    New England Biolabs, USA 
Bromophenol blue, sodium salt    Serva, Heidelberg 
Chloroform      Roth, Karlsruhe 
deoxyadenosine triphosphate (dATP)   Roche Applied Science, Mannheim 
deoxycytidine triphosphate (dCTP)   Roche Applied Science, Mannheim 
deoxyguanosine triphosphate (dGTP)   Roche Applied Science, Mannheim 
deoxythimidine triphosphate (dTTP)   Roche Applied Science, Mannheim 
Diethylpyrocarbonate (DEPC)    AppliChem, Darmstadt 
Dulbecco's Modified Eagle's Medium (DMEM)  Sigma Aldrich, Munich 
Dimethyl sulfoxide (DMSO)    AppliChem, Darmstadt 
Ethylenediaminetetraacetic acid  (EDTA), disodium salt dihydrate   
Sigma Aldrich, Munich 
Ethanol, absolute     Sigma Aldrich, Munich 
Fetal bovine serum (FBS), superior   Biochrom, Berlin 
Ficoll 400      Serva, Heidelber 
Formaldehyde      Merck, Darmstadt 
Formamide      Merck, Darmstadt 
Glucose      Sigma Aldrich, Munich 
Glycerol      Sigma Aldrich, Munich 
Hydrochloric acid (HCl), 37% (w/v)   Sigma Aldrich, Munich 
Isoamyl alcohol      Sigma Aldrich, Munich 
Isopropanol      Sigma Aldrich, Munich 
Kanamycin sulfate, powder    AppliChem, Darmstadt 
Magnesium chloride (MgCl2)    Sigma Aldrich, Munich 
Magnesium sulfate (MgSO4)    Sigma Aldrich, Munich 
NEN [!-
32
P] dCTP     PerkinElmer, Rodgau-Jügesheim 
Penicillin/streptomycin solution    Invitrogen, Karlsruhe 
Phenol       Roth, Karlsruhe 
Polyvinylpyrrolidone     Sigma Aldrich, Munich 
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Potassium chloride (KCl), powder   Sigma Aldrich, Munich 
Potassium phosphate monobasic (KH2PO4)  Sigma Aldrich, Munich 
Random hexamer - 5’NNNN*N*N3’ (phosphothioate modified) 
       Thermo Fisher Scientific, Ulm 
Redivue [!-
32
P] dCTP     GE Healthcare, Munich 
Sarkosyl, sodium salt     Sigma Aldrich, Munich 
Sodium acetate, powder     Sigma Aldrich, Munich 
Sodium chloride (NaCl), powder   Sigma Aldrich, Munich 
Sodium citrate dihydrate    Sigma Aldrich, Munich 
Sodium dodecyl sulfate (SDS)    Sigma Aldrich, Munich 
Sodium hydroxide (NaOH)    Sigma Aldrich, Munich 
Sodium phosphate dibasic (Na2HPO4)   Sigma Aldrich, Munich 
t-RNA       Sigma Aldrich, Munich 
Trizma base, powder     Sigma Aldrich, Munich 
Trypsin/EDTA solution     Invitrogen, Karlsruhe 
Tumor necrosis factor alpha (TNFalpha), recombinant Strathmann Biotec, Hamburg 
UltraPure water, DNase/RNase-free   Invitrogen, Karlsruhe 
Tryptone      Becton Dickinson, Heidelberg 
Yeast extract      Becton Dickinson, Heidelberg 
Xylene cyanol FF, sodium salt    Serva, Heidelberg 
 
4.2 Buffers, stock solutions and media 
 6xBPB DNA loading buffer 
  0.25% (w/v) bromophenol blue 
  30% (v/v) glycerol 
 6xXC DNA loading buffer 
  0.25% (w/v)  xylene cyanol 
  30% (v/v)  glycerol 
 50xTAE electrophoresis buffer (for 1 L) 
  242 g  Trizma 
  57.1 ml  glacial acetic acid 
  100 ml  0.5 M EDTA, pH 8.0 
 10xTE stock solution (for 1 L) 
  100 ml  1 M Tris-HCl, pH 8.0 
  20 ml  0.5 M EDTA, pH 8.0 
  880 ml  deionized water 
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 1xTE/RNase buffer (for 100 ml) 
  10 ml  10xTE 
  1 ml  10 mg/ml RNase A  
  89 ml  deionized water 
 TEG buffer 
  50 mM   glucose (filtered) 
  10 mM   EDTA, pH 8.0 
  25 mM   Tris-HCl 
 NaOH/SDS solution 
  0.2 M  NaOH 
  1%  SDS 
 20xSSC stock solution, pH 7.0 
  3 M  NaCl 
  0.3 M   Sodium citrate 
 10xTNE stock solution 
  100 mM Trizma base, pH 8.0 
  1 M  NaCl 
  100 mM EDTA, pH 8.0 
  2%   SDS 
 50xDenhardt’s solution 
  1% (w/v) Ficoll 400 
  1% (w/v) polyvinylpyrrolidone 
  1% (w/v) BSA 
 Hybridization solution 
  50 mM  sodium phosphaste, pH 6.4 
  1%   SDS 
  1x  Denhardt’s solution 
  5x  SSC 
  0.1 mg/ml t-RNA 
 LB medium with selective antibiotics (for 1 L) 
  10 g  NaCl 
  10 g  tryptone 
  5 g  yeast extract 
 Adjusted to pH 7.0.  After autoclaved, one of the following antibiotics was added: 
   1 ml  100 mg/ml ampicillin  
      or  5 ml   10 mg/ml kanamycin 
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 LB agar (1 L) with selective antibiotics 
  1 L  LB medium without antibiotics 
  14 g  bacto agar 
  After autoclaved, one of the following antibiotics was added:  
   1 ml  100 mg/ml ampicillin  
      or  5 ml   10 mg/ml kanamycin 
 SOC medium (1 L) 
  0.5 g  NaCl 
  20 g  tryptone 
  5 g  yeast extract 
  20 ml  1 M glucose 
  Filter-sterilized. 
 10xPBS stock solution (1 L), pH 7.4 
  80 g   NaCl 
  2 g  KCl 
  14.4 g  Na2HPO4 
  2.4 g  KH2PO4 
 PBS/EDTA solution 
  1x   PBS 
  2 M  EDTA 
 3x lysis buffer 
  2x  TE 
  3% (w/v) sarkosyl 
 Complete DMEM medium (for cell culture) with antibiotics 
  500 ml  DMEM 
  50 ml  FBS 
  5 ml  penicillin/streptomycin (50000 units each) 
 Cell freezing medium (for 10 ml) 
  8 ml  complete DMEM medium 
  1 ml  FBS 
  1 ml  DMSO 
 CIA (Chloroform:Isoamyl alcohol = 24:1) 
  24 part (v/v) Chloroform 
  1 part (v/v) Isoamyl alcohol 
 Phenol* (Phenol:CIA = 1:1) 
  1 part (v/v)  CIA 
  1 part (v/v)  Phenol 
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 5xAnnealing buffer (for phi29 DNA polymerase) 
  85 mM  Tris-HCl, pH 8.0 
  85 mM  MgCl2 
4.3 Commercial kits and enzymes 
Calf Intestine Alkaline Phosphatase (CIAP)    Fermentas Life Sciences, Canada 
Expand long template PCR system   Roche Applied Science, Mannheim 
GenomePlex WGA2 kit     Sigma Aldrich, Munich 
Pfu DNA Polymerase     Promega, USA 
Phi29 DNA Polymerase     Fermentas Life Sciences, Canada 
Proteinase K      Merck, Darmstadt 
Qiagen Multiplex PCR kit    Qiagen, Hilden 
Qiagen Plasmid Maxi kit    Qiagen, Hilden 
QIAquick Gel Extraction kit    Qiagen, Hilden 
QIAquick PCR Purification kit    Qiagen, Hilden 
QIAprep Spin Miniprep kit    Qiagen, Hilden 
Rediprime II DNA Labeling System   GE Healthcare, Munich 
RNase A      Qiagen, Hilden 
StrataClone PCR Cloning kit    Stratagene, La Jolla, USA 
StrataClone Blunt PCR Cloning kit   Stratagene, La Jolla, USA 
T4 DNA Ligase (2000 U/ml)    New England Biolabs, USA 
Taq DNA Polymerase kit    Invitrogen, Karlsruhe 
TOPO TA PCR Cloning kit    Invitrogen, Karlsruhe 
TOPO Blunt PCR Cloning kit    Invitrogen, Karlsruhe 
4.4 Laboratory equipments and commercial materials 
BioMag streptavidin beads    Polysciences, Heidelberg 
Biomax MR film     GE Healthcare, Munich 
E-Gel iBase Power System    Invitrogen, Karlsruhe 
E-Gel Safe Imager Transilluminator   Invitrogen, Karlsruhe 
E-Gel SizeSelect     Invitrogen, Karlsruhe 
Hybond-N+ nylon membrane    GE Healthcare, Munich 
MicroSpin G-25 column    GE Healthcare, Munich 
Sterile filter (0.45 !m)     Millipore, Schwalbach/Ts. 
Thermocycler PTC-200     MJ Research, Waltham, USA 
Whatman 3MM paper     Schleicher & Schuell, Dassel 
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4.5 Computer software and Internet resources 
BLAST version 2.2.17 
 ftp://ftp.ncbi.nlm.nih.gov/blast/executables/release/ 
 BLAST executables are based on NCBI C Toolkit and consist of several stand-alone 
executable programs, including blastall and formatdb. In this study, formatdb was used to create 
sequence databases on the analyzing computer, and blastall was used for blasting sequence reads 
of ASP16 (as queries) to the sequences in the created databases (as subjects). 
 
ClustalW version 2.0.10 
 http://www.clustal.org/ 
 ClustalW is the command-line version of Clustal, a multiple sequence alignment program. 
It accepts and delivers several input/output sequence formats. FASTA format was used in this 
study for both inputs and outputs. 
 
Geneious Pro version 4.8.5 
 http://www.geneious.com/ 
 Geneious Pro is an integrated, cross-platform bioinformatics software suited for 
manipulating, finding, sharing, and exploring biological data. It was used mainly for sequence 
visualization and edition. 
 
HUSAR: Heidelberg Unix Sequence Analysis Resources 
 http://genome.dkfz-heidelberg.de/ 
 HUSAR is a program package providing access to more than 200 databases and offering 
more than 260 applications for DNA and protein analysis, including many widely known 
programs such as clustal (for sequence alignment), bl2Seq (for sequence comparison) and primer 
(for primer design).  
 
NCBI: National Center for Biotechnology Information 
 http://www.ncbi.nlm.nih.gov/ 
 NCBI contains various databases of biotechnology information, including nucleotide and 
protein sequence databases of different organisms. It was used for searching, comparing and 
retrieving sequences.  
 For nucleotide sequences of the twenty-four human chromosomes, the reference 
sequences with accession numbers NC_000001, NC_000002,…, NC_000024 are used in this 
work. Each accession number comes with a version number, identified with suffix “.(version-
number)”. 
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Perl application version 5.8.8 
 http://www.perl.org/ 
 Perl version 5.8.8 is a program that reads a Perl language program, translates it into 
instructions the computer can understand, and runs (or executes) it. The developed ASP16 data 
analysis programs (see Results section 2.2.1) were executed in Perl 5.8.8 under Mac operating 
system.  
 
4.6 DNA molecular markers 
Lambda DNA/HindIII marker 
  
 This DNA ladder is frequently used when running gDNA because of 
  its high molecular weight bands 
 
 Practical size range: 2 – 23 kb 
 0.5 !g/lane 
 1.2% agarose gel, stained with ethidium bromide 
 









Size range: 200 bp – 10 kb 












 Size range: 100 bp – 2 kb 
 0.5 !g/lane 
 2% agarose gel, stained with ethidium bromide 
 






4.7 Oligonucleotide primers 
Oligonucleotide primers for routine PCRs were designed so that they have optimal melting 
temperature about 60°C, and are 18-24 nt in length. 
 
4.7.1 Primers for cellular genes 
The primers, shown in Table 4.1, were used to amplify parts of cellular genes after DNA 
preparation to determine the integrity of the DNA template. ß-globin and GAPDH are house-
keeping genes, while c-myc is a proto-oncogene. 
 
Table 4.1: Oligonucleotide primers for cellular genes. 
Primer name* Sequence (5’ to 3’) Target cellular gene Expected product size 
ß-globin-F ACACAACTGTGTTCACTAGC 
ß-globin-R CAACTTCATCCACGTTCACC 
ß-globin 110 bp 
GAPDH-F CACCACCAACTGCTTAGCAC 
GAPDH-R GAGGCAGGGATGATGTTCTG 
GAPDH 367 bp  
c-myc-F CTTTATAATGCGAGGGTCTGG 
c-myc-R GCTTACCTGGTTTTCCACTACC 
c-Myc 591 bp 
* Binding directions are indicated. F: forward. R: reverse. 
4.7.2 Primers for HPV68 analysis 
The primers used for amplification of HPV68 DNA described in Results section 2.1 are shown in 
Table 4.2. The primers with names starting with “ME” were used mainly for amplification of the 
integrated HPV68b in cell lines ME180 and ME180R. The primers with names starting with 
“H68” were used mainly for analysis of HPV68b DNA in cervical samples.  
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Table 4.2: Oligonucleotide primers for HPV68. 
Primer name Sequence (5’ to 3’) Primer binding sites * 
ME-01 
§ GGAATTATGCCTATTTGACA 
pos. 45577909-F (NC_000018.9), upstream of 
the integrated HPV68b in ME180/ME180R 
ME-04 TGGTATTTTTGGTGTGGTTTTGTG pos. 3860-F of HPV68b-CIN2 genome 
ME-874 
§ ACACACCAATGGAGAGGAGTG 
pos. 45578156-F of NC_000018.9, upstream of 
the integrated HPV68b in ME180/ME180R 
ME-1349 TAGTCACAGGGTGCAACCAC pos. 7208-R of HPV68b-CIN2 genome 
ME-6651 TTTGTGTGTCCGTGGTGTG pos. 782-F of HPV68b-CIN2 genome 
ME-6805 CGCGACAGATACAGGTTCAG pos. 940-F of HPV68b-CIN2 genome 
ME-7094 CATTTTCCCCTTCATCCTCC pos. 1289-R of HPV68b-CIN2 genome 
ME-7718 ACCATTGGAGGTCTTTGCTG pos. 3984-F of HPV68b-CIN2 genome 
ME-7810 ACATGCACACACAAAACCAC pos. 3892-R of HPV68b-CIN2 genome 
ME-7972 
§ TCTGGCTCAGGAAATCGC 
pos. 45578405-R of NC_000018.9, downstream 



















Primer positions and binding directions on CIN2-
HPV68b** genome are indicated in the primer 
names, after the prefix “H68-”.  
MY11 
GCMCAGGGWCATAAYAATGG 
M=A/C, W=A/T, Y=C/T, R=A/G 
pos. 6453-F of HPV68b-CIN2 genome 
* Binding positions (5’end) and binding directions are indicated. F: forward. R: reverse. 
** See Results section 2.1.4. The sequence of HPV68b-CIN2 is shown in Appendix A2. 
§ Primers bind to human chromosome 18, flanking the integrated HPV68b in ME180 and ME180R. 
 
4.7.3 Primers for HPV16 and HPV16 integration junctions 
The primers used for amplification of HPV16 DNA and HPV16 integration junctions described in 
Results section 2.2 are listed in Table 4.3. 
 
Table 4.3: Oligonucleotide primers for HPV16 and HPV16 integration junctions. 
A: Primers specific for HPV16 DNA. 
Primer name * Sequence (5’ to 3’) Remarks 
H16-44F GGTTGAACCGAAACCGGTTAG  
H16-691R GTCCAGCTGGACCATCTATTTC  
H16-1064F CACATGCGTTGTTTACTGCAC binds at the same pos. as primer E09 (1064) ** 
H16-1105F GATGCAGTACAGGTTCTAAAACG binds at the same pos. as primer BE-19 ** 
H16-1115F AGGTTCTAAAACGAAAGTATTTGG binds at the same pos. as primer E19 (1115) ** 
H16-1656F TCAAAGTTTAGCATGTTCATGGG  
H16-2174F GTGATTGGAAGCAAATTGTTATG binds at the same pos. as primer E12 (2174) ** 
H16-2403F AGCAGATGCCAAAATAGGTATG binds at the same pos. as primer E05 (2403) ** 
H16-3121F TGGAGACATATGCAATACAATGC binds at the same pos. as primer E07 (3121) ** 
H16-3339F GTCCTACATCTGTGTTTAGCAGC  
* Binding positions (5’end) and binding directions are indicated after prefix “H16-”. F: forward. R: reverse. 
** Primers are shown in Table 4.4 and Table 4.5. 
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(Table 4.3, continued) 
B: Primers specific for human chromosomes. 
Primer name  Sequence (5’ to 3’) Primer binding sites *** 
NC06-R-1.1 AGAAAACTTCCCTAGTCTGAAATC chrom.6 pos. 097896916-F (NC_000006.11) 
NC06-R-1.2 TCAACTAGGATTACCTACCCTCC chrom.6 pos. 097896741-F (NC_000006.11) 
NC06-R-2.1 GTGTTTTTCAATTATTTGGAAAGG chrom.6 pos. 135721349-R (NC_000006.11) 
NC06-R-2.2 ATTGTAGTCGAATCCACCTCGG chrom.6 pos. 135721494-R (NC_000006.11) 
NC07-R-1.1 AGTGGTGTCCCCGCTGTAAG 
chrom.7 pos. 72454604-R, 72818829-R and 
75010302-F (NC_000007.13)  
NC11-R-1.1 GAGGAGTGACTTTGAATAGAATGG chrom.11 pos. 123658930-F (NC_000011.9) 
NC11-R-1.2 AGTGGGGAGGTAGCTTCTGG chrom.11 pos. 123658817-F (NC_000011.9) 
NC19-R-1.1 GGGGCTGATGGCATGGAGTG chrom.19 pos. 01494382-F (NC_000019.9) 
NC19-R-1.2 GTTTGCCTCCAAGACAG chrom.19 pos. 01494273-F (NC_000019.9) 
*** Binding positions (5’end) and binding directions are indicated. F: forward. R: reverse. 
 
4.7.4 HPV16 primers for ASP16 strategy 
In the ASP16 strategy, two sets of HPV16 forward primers and one set of reverse primers are used 
in the HPV16 DNA enrichment step (see section 4.22.2). The first set of HPV16 forward primers 
are shown in Table 4.4. These primers are labeled with biotin at the 5’end, and were used in linear 
amplification step. The second set of HPV16 forward primers are shown in Table 4.5. They are 
bipartite nested HPV16 primers that contain the 19-nt Roche-A sequence (RA) at the 5’end. The 
reverse primers, shown in Table 4.6, are tripartite. They contain the 19-nt Roche-B sequence 
(RB), followed by a 4-nt barcode and the 18-nt GenomePlex universal adapter sequence (GPUA). 
These reverse primers were used in combination with the bipartite nested HPV16 primers for the 
nested HPV16 PCR, following the linear amplification step in ASP16 strategy. 
 
Table 4.4: Biotin-labelled HPV16 forward primers for linear amplification in ASP16 strategy. 
Short name Full name* Sequence (5’ to 3’) 
BE-01 5B-810F AATGGGCACACTAGGAATTGTG 
BE-02 5B-1261F GGGTATGGCAATACTGAAGTGG 
BE-03 5B-1562F GTTGCGATTGGTGTATTGCTG 
BE-04 5B-1938F ACAGATGGTACAATGGGCCTAC 
BE-05 5B-2389F TGGTTACAACCATTAGCAGATGC 
BE-06 5B-2705F CAAGGACGTGGTCCAGATTAAG 
BE-07 5B-3101F ACAGTGGAAGTGCAGTTTGATG 
BE-08 5B-3542F GACAGTGCTCCAATCCTCACTG 
BE-09 5B-1046F AGGCAGAAACAGAGACAGCAC 
BE-10 5B-1394F GAGAGGGTGTTAGTGAAAGACAC 
BE-11 5B-1760F GTGTGTCTCCAATGTGTATGATG 
BE-12 5B-2151F ATGTGATAGGGTAGATGATGGAG 
BE-13 5B-2539F TGCCCTCCATTATTAATTACATC 
BE-14 5B-2912F CATATTAACCACCAAGTGGTGC 
BE-15 5B-3318F CGGGTGGTCAGGTAATATTATG 
BE-16 5B-3762F CATATGATAGTGAATGGCAACG 
BE-17 5B-790F CGTACTTTGGAAGACCTGTTAATG 
BE-18 5B-952F GGGGATGCTATATCAGATGACG 
BE-19 5B-1105F GATGCAGTACAGGTTCTAAAACG 
BE-20 5B-1336F AGTCAGTATAGTGGTGGAAGTGG 
BE-21 5B-1457F TAAAAACTAGTAATGCAAAGGCAG 
BE-22 5B-1653F CATTCAAAGTTTAGCATGTTCATG 
BE-23 5B-1849F ATTAGTGAAGTGTATGGAGACACG 
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(Table 4.4, continued) 
Short name Full name* Sequence (5’ to 3’) 
BE-24 5B-2053F TCACAGGCAAAAATTGTAAAGG 
BE-25 5B-2277F TTGCATATTACTATATGGTGCAGC 
BE-26 5B-2461F GATGACAATTTAAGAAATGCATTG 
BE-27 5B-2613F GGTGGTGTTTACATTTCCTAATG 
BE-28 5B-2842F TATAGACTATTGGAAACACATGCG 
BE-29 5B-3021F ATGAAAAGTGGACATTACAAGACG 
BE-30 5B-3189F TAACTGTGGTAGAGGGTCAAGTTG 
BE-31 5B-3444F GCACCGAAGAAACACAGACG 
BE-32 5B-3680F TGTACATTGTATACTGCAGTGTCG 
* Binding positions (5’end) and binding direction are indicated after prefix “5B-”. F: forward. 
 
Table 4.5: Nested HPV16 forward primers for semi-nested PCR in ASP16 strategy. 
Short name Full name* Sequence (5’ to 3’) 
E01 RA-857F GCCTCCCTCGCGCCATCAG AATCTACCATGGCTGATCCTG 
E02 RA-1275F GCCTCCCTCGCGCCATCAG TGAAGTGGAAACTCAGCAGATG 
E03 RA-1576F GCCTCCCTCGCGCCATCAG ATTGCTGCATTTGGACTTACAC 
E04 RA-1951F GCCTCCCTCGCGCCATCAG TGGGCCTACGATAATGACATAG 
E05 RA-2403F GCCTCCCTCGCGCCATCAG AGCAGATGCCAAAATAGGTATG 
E06 RA-2723F GCCTCCCTCGCGCCATCAG TAAGTTTGCACGAGGACGAG 
E07 RA-3121F GCCTCCCTCGCGCCATCAG TGGAGACATATGCAATACAATGC 
E08 RA-3555F GCCTCCCTCGCGCCATCAG TCCTCACTGCATTTAACAGCTC 
E09 RA-1064F GCCTCCCTCGCGCCATCAG CACATGCGTTGTTTACTGCAC 
E10 RA-1411F GCCTCCCTCGCGCCATCAG AGACACACTATATGCCAAACACC 
E11 RA-1785F GCCTCCCTCGCGCCATCAG AGAGCCTCCAAAATTGCGTAG 
E12 RA-2174F GCCTCCCTCGCGCCATCAG GTGATTGGAAGCAAATTGTTATG 
E13 RA-2569F GCCTCCCTCGCGCCATCAG AATGCTGGTACAGATTCTAGGTG 
E14 RA-2933F GCCTCCCTCGCGCCATCAG CCAACACTGGCTGTATCAAAG 
E15 RA-3339F GCCTCCCTCGCGCCATCAG GTCCTACATCTGTGTTTAGCAGC 
E16 RA-3778F GCCTCCCTCGCGCCATCAG GCAACGTGACCAATTTTTGTC 
E17 RA-810F GCCTCCCTCGCGCCATCAG AATGGGCACACTAGGAATTGTG 
E18 RA-968F GCCTCCCTCGCGCCATCAG ATGACGAGAACGAAAATGACAG 
E19 RA-1115F GCCTCCCTCGCGCCATCAG AGGTTCTAAAACGAAAGTATTTGG 
E20 RA-1361F GCCTCCCTCGCGCCATCAG GTGGTTGCAGTCAGTACAGTAGTG 
E21 RA-1471F GCCTCCCTCGCGCCATCAG GCAAAGGCAGCAATGTTAGC 
E22 RA-1672F GCCTCCCTCGCGCCATCAG TCATGGGGAATGGTTGTGTTAC 
E23 RA-1860F GCCTCCCTCGCGCCATCAG GTATGGAGACACGCCAGAATG 
E24 RA-2069F GCCTCCCTCGCGCCATCAG TAAAGGATTGTGCAACAATGTG 
E25 RA-2288F GCCTCCCTCGCGCCATCAG TATATGGTGCAGCTAACACAGG 
E26 RA-2476F GCCTCCCTCGCGCCATCAG AATGCATTGGATGGAAATTTAG 
E27 RA-2628F GCCTCCCTCGCGCCATCAG TCCTAATGAGTTTCCATTTGACG 
E28 RA-2857F GCCTCCCTCGCGCCATCAG ACACATGCGCCTAGAATGTG 
E29 RA-3037F GCCTCCCTCGCGCCATCAG ACAAGACGTTAGCCTTGAAGTG 
E30 RA-3199F GCCTCCCTCGCGCCATCAG AGAGGGTCAAGTTGACTATTATGG 
E31 RA-3455F GCCTCCCTCGCGCCATCAG ACACAGACGACTATCCAGCGAC 
E32 RA-3696F GCCTCCCTCGCGCCATCAG CAGTGTCGTCTACATGGCATTG 
* Binding positions (5’end) and binding direction are indicated after prefix “RA-”. F: forward.  
 
Table 4.6: Reverse barcode primers for semi-nested PCR in ASP16 strategy. 
Primer name Sequence (5’ to 3’) 
RB-B01 GCCTTGCCAGCCCGCTCAG TGAC TGTGTTGGGTGTGTTTGG 
RB-B02 GCCTTGCCAGCCCGCTCAG AGAC TGTGTTGGGTGTGTTTGG 
RB-B03 GCCTTGCCAGCCCGCTCAG TCAC TGTGTTGGGTGTGTTTGG 
RB-B04 GCCTTGCCAGCCCGCTCAG ACAC TGTGTTGGGTGTGTTTGG 
RB-B05 GCCTTGCCAGCCCGCTCAG TGTC TGTGTTGGGTGTGTTTGG 
RB-B06 GCCTTGCCAGCCCGCTCAG AGTC TGTGTTGGGTGTGTTTGG 
RB-B07 GCCTTGCCAGCCCGCTCAG TCTC TGTGTTGGGTGTGTTTGG 
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(Table 4.6, continued) 
Primer name Sequence (5’ to 3’) 
RB-B08 GCCTTGCCAGCCCGCTCAG ACTC TGTGTTGGGTGTGTTTGG 
RB-B09 GCCTTGCCAGCCCGCTCAG CTGA TGTGTTGGGTGTGTTTGG 
RB-B10 GCCTTGCCAGCCCGCTCAG CAGA TGTGTTGGGTGTGTTTGG 
RB-B11 GCCTTGCCAGCCCGCTCAG CTGA TGTGTTGGGTGTGTTTGG 
RB-B12 GCCTTGCCAGCCCGCTCAG CACA TGTGTTGGGTGTGTTTGG 
RB-B13 GCCTTGCCAGCCCGCTCAG TAGC TGTGTTGGGTGTGTTTGG 
RB-B14 GCCTTGCCAGCCCGCTCAG ATGC TGTGTTGGGTGTGTTTGG 
RB-B15 GCCTTGCCAGCCCGCTCAG TACA TGTGTTGGGTGTGTTTGG 
RB-B16 GCCTTGCCAGCCCGCTCAG ATCA TGTGTTGGGTGTGTTTGG 
RB-B17 GCCTTGCCAGCCCGCTCAG TGCA TGTGTTGGGTGTGTTTGG 
RB-B18 GCCTTGCCAGCCCGCTCAG TCGA TGTGTTGGGTGTGTTTGG 
RB-B19 GCCTTGCCAGCCCGCTCAG AGCA TGTGTTGGGTGTGTTTGG 
RB-B20 GCCTTGCCAGCCCGCTCAG ACGA TGTGTTGGGTGTGTTTGG 
RB-B21 GCCTTGCCAGCCCGCTCAG CATC TGTGTTGGGTGTGTTTGG 
RB-B22 GCCTTGCCAGCCCGCTCAG CTAC TGTGTTGGGTGTGTTTGG 
RB-B23 GCCTTGCCAGCCCGCTCAG CTGC TGTGTTGGGTGTGTTTGG 
RB-B24 GCCTTGCCAGCCCGCTCAG CAGC TGTGTTGGGTGTGTTTGG 
 
 
4.8 Cervical carcinoma cell lines 
Frozen stocks of the following cervical carcinoma cell lines were provided by Elisabeth Schwarz. 
The integrated HPV types and the cell lines are indicated in Table 4.7. 
 
Table 4.7: Cervical carcinoma cell lines. 
Cell line name Integrated HPV type Source 
CaSki HPV16 American Type Culture Collection 
ME180 HPV68b American Type Culture Collection 
ME180R HPV68b M. Schaadt. Medizinische Klinik Universität Köln, Germany 
MRI-H186 HPV16 American Type Culture Collection 
MRI-H196 HPV16 American Type Culture Collection 
SiHa HPV16 American Type Culture Collection 
 
4.9 Clinical DNA samples 
Our collaboration partners in Besancon and Reims provided us with the clinical DNA samples 
from cervical scrapes or lesions. Through the routine cervical screening programs in Besancon 
and Reims, cervical scrapes were collected from women of different ages using the ThinPrep 
system. In brief, the cervical cells were collected by a cyto-brush and suspended in the ThinPrep 
PreserveCyt solution where the cells are fixed. This allows long-term storage of the samples. All 
samples underwent cytology analysis and HPV genotyping. For selected samples, DNA was 
extracted using Qiagen EZ1 DNA tissue kit (Qiagen, Hilden). Selected HPV16- and HPV68-
positive DNA samples were sent to us. For an example, see (Briolat et al, 2007) for a description 
of the sample preparation and analysis.   
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4.10 In vitro cultivation of cervical carcinoma cell lines 
All procedures took place under a laminar flow hood. All culture media and solutions used were 
prewarmed at 37°C. Cell cultures were incubated in a cell incubator at 37°C with 5% CO2 and 
95% humidity. 
 
The cells were taken from 1-ml cell line aliquot stocks stored in liquid nitrogen. After rapidly 
thawing to room temperature, the cells were transferred to 14-ml complete DMEM medium in a 
75cm
2
 T-flask, and suspended by repeat pipetting. As soon as the cells adhered to the bottom of 
the flask, the medium was renewed to clear the residual DMSO from the freezing medium. 
Medium was changed every 2-3 day. When the cells had grown to 90% confluent, they were 
subcultured.  
 
For subculturing (splitting), confluent cells were rinsed with 5 ml trypsin/EDTA, then incubated 
with new 3 ml trypsin/EDTA at 37°C for 3-10 minutes until the adherent cells rounded up. Cell 
suspensions were then diluted 1:10 or 1:20 with complete DMEM medium and put in a new 
75cm
2
 T-flask. After the dilution, the cells were suspended by repeat pipetting. The cultures were 
cultivated in the incubator.   
 
For long-term storage of the cells, they were cultured in 175cm
2
 T-flasks until reaching 80% 
confluency. After trypsinization, the cell pellets were collected by centrifugation at 800 rpm for 
10 minutes at 4°C. Cell pellets were washed with 10 ml complete DMEM medium and collected 
by centrifugation again. Medium was discarded. Cell pellets were resuspended in 5 ml freezing 
medium and transferred to five cryogenic vials. The vials were cooled down slowly to -80°C, and 
then stored in liquid nitrogen. 
 
4.11 Isolation of TNFalpha-resistant cells from ME180 
The cervical carcinoma cell line ME180 was cultured in complete DMEM with 5 nM and 10 nM 
TNFalpha (Strathmann Biotec, Hamburg) continuously for 18 weeks. During this time, the 
culturing media with fresh TNFalpha were changed every 2-3 days. After 18 weeks, the survival 
cells were pooled and cultured in complete DMEM medium without TNFalpha for another 4 
weeks. The two pooled cell populations, obtained from 5 nM and 10 mM TNFalpha treatments, 
were designated ME180-2A and ME180-3A, respectively. 
 
126    Materials and methods   
 
4.12 TNFalpha cytotoxicity assay 
The ME180, ME180R, ME180-2A and ME180-3A cells (see Results section 2.1.3) were seeded 
on a 96-well culture plate at density of 5000 and 10000 cells/well; 12 wells per cell concentration 
per cell population. The cells were cultured in complete DMEM medium overnight, allowing 
them to attach to the plate. In the next day, four different concentrations of TNFalpha (0, 2.5, 5 
and 10 nM) were given; 3 wells per TNFalpha concentration per cell density per cell population. 
The cultures were incubated for 72 hours. Afterward, the media were discarded and the cells were 
fixed in 4% glutaraldehyde for 3 minutes and then washed in tab water. The fixed cells were 
stained with 1% crystal violet for 3 minutes and then washed in tab water. The plate was left to 
dry completely at room temperature. Prior to the measurement, 100 !l of 33% acetic acid was 
added to each well. The absorbance of the crystal violet dye, directly proportional to the cell 
amount in each well, was measured at wavelength 560 nm. The average absorbance values of each 
triplicate (three wells of the same TNFalpha concentration, seeding density and cell source) were 
determined. The cell viability was determined, in percentage, as the absorbance value after 
treatments with TNFalpha (2.5, 5 and 10 nM) over the value in absence of TNFalpha (0 nM) for 
each cell population.  
 
4.13 Isolation of genomic DNA from monolayer cell cultures 
Genomic DNA (gDNA) was isolated from cultured cells using a standard procedure (Strauss, 
2001), which involves proteinase K digestion for protein degradation, repeated extractions with 
phenol/chloroform/isoamylalcohol for deproteinization, ethanol precipitation, and resuspension of 
DNA.  
 
Cells were cultivated until 90-95% confluent in 75cm
2
 T-flasks. The cell monolayers were rinsed 
twice with cold PBS/EDTA solution. To lyse the cells, 3 ml cold PBS/EDTA and 1.5 ml 3x lysis 
buffer were added to the flask. The lysis buffer was applied to the monolayer, and the flask was 
swirled slowly until the solution became viscous. The cell lysates were transferred to a 50-ml 
Falcon tube and 90 !l Proteinase K (final concentration 0.2 mg/ml) was added. The lysates were 
incubated at 55°C overnight, allowing histones to be digested and cellular nucleases to be 
inactivated by the enzyme.  Next day, the reactions were cooled down to room temperature before 
5 ml Phenol* was added. The reaction was suspended by inverting the tubes for 30 minutes, and 
the aqueous and phenol phases were separated by centrifugation at 2000 rpm for 10 minutes at 
20°C. The aqueous layer (4.5 ml) was transferred to a new 14-ml Falcon tube, and 4.5 ml CIA 
solution was added. The solutions were mixed by inverting the tube for 30 minutes, and the 
aqueous and phenol phases were separated by centrifugation at 2000 rpm for 10 minutes at 20°C. 
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The aqueous layer (4.2 ml) was transferred to a new 14-ml Falcon tube, and the gDNA was 
precipitated by adding 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes ice-cold 
absolute ethanol. gDNA was collected by centrifugation at 5000 rpm for 30 minutes at 4°C, then 
washed with 5 ml ice-cold 75% ethanol. The DNA pellet was left at room temperature for 30 
minutes to clear the residue ethanol. gDNA was suspended in 2 ml 1xTE buffer and stored at 4°C. 
 
Due to the high molecular weight of genomic DNA, their quality and concentration were 
determined by gel electrophoresis, in comparison with Lambda DNA/HindIII DNA marker. 
 
4.14 Polymerase chain reaction (PCR) 
Polymerase chain reaction is a molecular technique used to amplify specific piece of DNA from 
trace amount of target molecules (Kuslich et al, 2008). It can produce millions copies of the target 
DNA. In this work, three PCR systems had been used: PCR with Taq DNA polymerase, with Pfu 
DNA polymerase, and with the Expand Long Template PCR System kit (Roche). The PCR 
reactions were set up in 250-!l PCR tubes and run in a Thermocycler PTC-200, which can handle 
PCR reaction volume up to 50 !l. The specificity of the PCR products was analyzed by agarose 
gel electrophoresis where 1/10 of each PCR products were run together with a suitable DNA 
marker 
 
PCR system 1: PCR with Taq DNA polymerase 
This was used for routine PCR. There is no proof-reading activity by Taq DNA polymerase and 
the amplified DNA products contain nontemplated A overhangs at their 3’end (http://www.invitro 
gen.com/). The enzyme, buffer and MgCl2 were included in the Taq DNA Polymerase kit 
(Invitrogen). 
 Reaction set up    Final concentration 
 DNA template     250 ng genomic DNA 
      or 0.5-2 !l GenomePlex library 
      or 100-500 pg plasmid DNA 
 10xPCR buffer without MgCl2   1x 
 50 mM MgCl2     3 mM 
 10 mM dNTP (10mM each)   0.2 mM each 
 10 pmol/!l forward primer   0.2 !M 
 10 pmol/!l reverse primer   0.2 !M 
 Taq DNA polymerase (5 U/!l)   2 U per reaction 
 UltraPure water was added to the intended final volume. 
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PCR system 2: PCR with Pfu DNA polymerase 
The Pfu DNA polymerase has a proof-reading activity (http://www.promega.com/). This PCR 
system was used to obtain accurate sequences of the DNA targets. The products are blunt-ended. 
The Pfu DNA Polymerase and Pfu buffer were from Promega. 
 Reaction set up    Final concentration 
 DNA template     250 ng genomic DNA 
      or 0.5-2 !l GenomePlex library 
      or 100-500 pg plasmid DNA 
 10xPfu buffer     1x 
 10 mM dNTP (10mM each)   0.2 mM each 
 10 pmol/!l forward primer   0.2 !M 
 10 pmol/!l reverse primer   0.2 !M 
 Pfu DNA polymerase (5 U/!l)   2 U per reaction 
 UltraPure water was added to the intended final volume. 
 
PCR system 3: PCR with Expand Long Template PCR System 
This system can amplify large targets up to 20 kb long. The enzyme mix consists of Taq DNA 
polymerase and Tgo DNA polymerase, thus possessing a proof-reading activity (http://www. 
roche-applied-science.com/). It was used for amplification of up to 8 kb DNA targets in this work, 
where the accuracy of sequences was considered. The products contain nontemplated A overhang 
at their 3’end. The enzyme mix and buffer were included in the Expand long template PCR 
system kit (Roche Applied Science). Reaction and cycling conditions were setup as recommended 
by the supplier. 
 Reaction set up    Final concentration 
 DNA template     250 ng genomic DNA 
      or 0.5-2 !l GenomePlex library 
      or 100-500 pg plasmid DNA 
 10xBuffer 3     1x 
 10 mM dNTP (10mM each)   0.2 mM each 
 10 pmol/!l forward primer   0.2 !M 
 10 pmol/!l reverse primer   0.2 !M 
 Enzyme mix     0.75 !l per reaction 
 UltraPure water was added to the intended final volume. 
 
PCR cycle program for Taq and Pfu system 
  1. Initial denaturation   95°C, 3 min 
  2. Denaturation    94°C, 30 s 
  Materials and methods     129 
 
  3. Annealing    60°C, 30 s 
  4. Elongation    72°C, 1 min per 1 kb target 
  5. Repeat from step 2 for another 34 cycles 
  6. Final elongation   72°C, 10 min 
  7. Cooling    4°C, forever 
 
PCR cycle program for Expand Long Template system 
  1. Initial denaturation   94°C, 3 min 
  2. Denaturation    94°C, 30 s 
  3. Annealing    60°C, 30 s 
  4. Elongation    68°C, 8 min 
  5. Repeat from step 2 for another 9 cycles 
  6. Denaturation    94°C, 30 s 
  7. Annealing    60°C, 30 s 
  8. Elongation    68°C, 8 min  
       +20 s for each successive cycle 
  9. Repeat from step 6 for another 24 cycles 
  10. Final elongation   68°C, 10 min 
  11. Cooling    4°C, forever 
 
4.15 Purification of PCR products 
In some occasions, the PCR products needed to be purified to get rid of unspecific product bands 
or to get rid of salts in the PCR solution. This was accomplished by two alternative methods: 
direct PCR purification and gel extraction.  
 
For direct PCR purification, the total PCR products were purified through columns using 
QIAquick PCR Purification kit according to the manufacturer’s manual. This kit eliminates 
primer-dimer products (DNA size below 100 bp) and salts from the original PCR products.  
 
For gel extraction, total PCR products were loaded on 1.0-1.5% TAE agarose gel and run until the 
band of interest was clearly separated from other bands. The target band was excised from the gel 
and the DNA was purified from the gel using QIAquick Gel Extraction kit according to the 
manufacturer’s manual.  
 
Routinely, an aliquot of the purified PCR band/product was run in agarose gel electrophoresis to 
ascertain its quality, before it was used for further experiments. 
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4.16 Cloning of PCR products  
The PCR products from Taq DNA polymerase and Expand Long Template PCR systems contain 
nontemplated A overhangs at the 3’end, while those from Pfu DNA polymerase PCR system have 
blunt end.  The PCR products with sticky end were cloned into TA vectors. Two commercial 
cloning systems for TA cloning were used: Invitrogen’s TOPO TA PCR cloning kit (TopoPCR4 
vector) and Stratagene’s StrataClone PCR cloning kit (pSC-A vector). The blunt-end PCR 
products were cloned into blunt vectors with either of the two commercial kits: Invitrogen’s 
TOPO Blunt PCR cloning kit (TopoPCR4 vector) and Stratagene’s StrataClone Blunt PCR 
cloning kit (pSC-B vector).  
 
The cloning procedures were performed according to the manufacturer’s manual, with some 
modifications. For all four kits used, the cloning reaction volume was reduced to half of the 
recommended volume from the manufacturer. Briefly, 1 !l PCR product was mixed with 1.5 !l 
cloning buffer and 0.5 !l vector mix in 3-!l reaction volume, then incubated at room temperature 
for 15-30 minutes. The reaction was transferred into thawed competent cells (Top10 for TOPO 
kits, and SoloPack for StrataClone kits), mixed and incubated on ice for 30 minutes. The reaction 
was heat shocked at 42°C for 1 minute and then immediately put on ice. After 2 minutes on ice, 
250 !l prewarmed SOC medium were added. The reaction was incubated at 37°C, with horizontal 
shaking at 220 rpm, for 1 hour before spread on LB agar plates containing selective antibiotics 
(100 !g/ml ampicillin). The plates were incubated overnight at 37°C to allow colonies to grow.  
 
4.17 Plasmid DNA preparation 
Quick and dirty plasmid DNA mini preparation method (quick-miniprep) was used as a rapid 
plasmid DNA isolation method for screening of positive clones. The plasmid DNA obtained by 
this method is suitable for restriction enzyme digestions, but not for direct sequencing.  
 
To screen for positive clones, single bacterial colonies were picked from the LB plates spread 
after cloning. Each of them were cultured in 5 ml LB with 100 !g/ml ampicillin at 37°C with 
shaking at 220 rpm overnight. Next morning, bacterial cells were collected from 1 ml of each 
overnight-cultures by centrifugation at 13000 rpm for 4 minutes. Cell pellets were resuspended in 
100 !l TEG buffer. To lyse the cells, 200 !l NaOH/SDS solution was added to the cell suspension 
and mixed by inverting the tubes 10 times. The lysates were incubated at room temperature for 3-
5 minutes until the solution became viscous. 150 !l 3 M sodium acetate (pH 5.2) was added to 
each reaction, and the tubes were shortly vortexed before put on ice. After 5 minutes on ice, cell 
debris was separated by centrifugation at 13000 rpm for 7-10 minutes. The supernatant was 
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transferred to a new tube containing 800 !l ice-cold absolute ethanol and the reactions were 
incubated on ice for 2 minutes. The precipitated plasmid DNA in the supernatant was collected by 
centrifugation at 13000 rpm for 5 minutes, and then washed with 1 ml ice-cold 75% ethanol. Air-
dry plasmid DNA pellets were resuspended with 30 !l TE/RNase solution. RNase was added to 
eliminate the co-isolated RNA. 3-!l aliquots of each plasmid DNA were digested with EcoRI, 
which cut at two locations on the vector adjacent to the cloning site. The digestion reactions were 
incubated at 37°C for 1 hour before loading on agarose gel for electrophoresis. Plasmid DNA 
containing correct inserts can be detected by the presence of the vector band and the insert band. 
 
For sequencing and for long-term plasmid DNA storage, the plasmid DNAs were isolated from 
the bacterial cultures using commercial kits. Two formats of commercial kits were use in this 
study: QIAprep Spin Miniprep kit (for small scale) and Qiagen Plasmid Maxi kit (for large scale). 
For small scale, bacterial cell pellets were collected from 4 ml of bacterial cultures (with positive 
inserts). For large scale, bacterial cell pellets were collected from 100 ml of bacterial cultures 
(with positive inserts). The plasmid DNA isolation procedures were performed as described by the 
manufacturer’s manuals.   
 
4.18 DNA sequencing 
Plasmid DNA containing inserts of interest were sent to Andreas Hunziker (DKFZ Genomics and 
Proteomics Core Facilities) for sequencing by the Sanger DNA sequencing method. The DNAs 
were sequenced with Big-Dye terminator chemistry on an ABI model sequencer. 
 
4.19 Southern hybridization 
Southern hybridization is a method for detection of a specific DNA sequence in a DNA 
population (such as genomic DNA or PCR products) by hybridizing the DNA population with a 
specific DNA probe (Mays Hoopes, 2008). It is divided into 4 steps: DNA transfer from agarose 
gel to nylon membrane (blotting), labeling of probes, hybridization and signal visualization. 
Transfer of DNA from agarose gel to nylon membrane 
Genomic DNA was first digested by appropriate restriction endonulease(s) before loaded on 0.8% 
agarose gel. For PCR products, restriction digestion may be omitted. After separation was 
complete, selected DNA molecular marker positions were marked on the gel using the scalpel. 
The gel was soaked in 0.25 M HCl for 10 minutes to partially depurinate DNA, allowing more 
efficient transfer of large DNA fragments (larger than 4 kb). This step was not necessary for PCR 
products. Then the gel was immersed with agitation in denaturation buffer (0.4 M NaOH) twice, 
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each for 15 minutes, to denature the DNA. Afterward the gel was ready for transfer. Vertical 
downward capillary transfer was used in this study. 
 
In preparation for transfer, one Hybond N+ nylon membrane was cut to the size slightly larger 
than the gel and four Whatman 3 MM papers were cut to the size slightly larger than the nylon 
membrane. The system was setup by placing a stack of tissue paper on the table first, followed by 
two dry Whatman paper. Another two Whatman papers were soaked in 0.4 M NaOH before 
placed on top of the dry Whatman papers. The nylon membrane was shortly soaked in 0.4 M 
NaOH and then placed on top of the Whatman papers. The gel from previous denaturation step 
was placed atop the nylon membrane. For efficient transfer, it is important to avoid any air 
bubbles during the transfer setup. The whole setup was wrapped with plastic foil. A small plastic 
board (only large enough to cover the gel) was placed on top of the setup and then 250 g weight 
was placed on top of the board. The DNA transferring process took approximately 4-6 hours. 
During the transfer, DNA was driven from the gel to the membrane by capillary force. Once 
arrived at the membrane, the DNA binds to the positively charged nylon membrane, and is fixed 
to the membrane by the alkaline solvent. After the transfer was complete, the marks of the 
selected DNA markers, as well as the wells on the gel, were marked on the nylon membrane with 
colored pencil. The membrane was then soaked in the neutralizing buffer  (3 M NaCl, 0.3 M 
sodium citrate, 0.5 M Tris-HCl, pH 7.0) for 15 minutes before let dry on a clean Whatman paper 
at room temperature. 
Radioactive labeling of DNA probes 
For hybridization, the DNA probes were labeled with [!-
32
P] dCTP, using Rediprime II DNA 
Labeling System (GE Healthcare) as described in the manufacturer’s manual. Briefly, 25-30 ng 
linear DNA probe was diluted in UltraPure water to a volume of 45 !l. The DNA was denatured 
at 95°C for 5 minutes, then put immediately on ice. The DNA was spun down shortly, and 
transferred to a Rediprime II reaction mixture tube. 5 !l of 5 !Ci [!-
32
P] dCTP was added to the 
mixture and mixed by pipetting.  The reaction was incubated at 37°C for 30 minutes and stopped 
by adding 20 !l stop-solution (2xTNE, 0.1% BPB, 0.5% blue dextran). The labeling reactions 
were later purified through pre-equilibrated columns. To equilibrate a purification column, the 
resin particles in a MicroSpin G-25 column were resuspended by vigorous vortex. The tip of the 
column was cut off, and the column was placed in a 2 ml collecting tube. The tubes were 
centrifuged at 300 rpm for 1 minute and the flow-through was discarded. To equilibrate the resin, 
200 !l 1xTNE was added to the column, and the tubes were centrifuged at 300 rpm for 1 minute. 
The column was transferred into a new collecting tube. 75 !l 1xTNE were added to the complete 
labeling reaction. The solution was mixed by pipetting and transferred to the equilibrated column. 
The tubes were centrifuged at 300 rpm for 1 minute. The small DNA and dNTP remained in the 
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matrix of the column, while larger DNA molecules passed through. The eluate was stored at -
20°C or directly used for hybridization.  
DNA hybridization with a radioactive labeled probe 
The hybridization of labeled DNA probe with the complementary sequences on the membrane 
were performed with high-stringency condition, at 68°C. The hybridization oven and 
hybridization solution were prewarmed to 68°C before use. The membrane was prehybridized at 
68°C in the oven with constant rotation for at least 1 hour before it was ready for hybridization. 
Prior to adding the labeled probe, the prehybridization solution was discarded and 10 !l of fresh 
prewarmed hybridization solution was added to the tube. 70 !l of the labeled probe were used per 
10 ml hybridization volume. The labeled probe was denatured by the addition of 0.2 M NaOH 
(final concentration) and incubated at room temperature for 10 minutes. The denatured probe was 
added to the hybridization tube, and the membrane was hybridized overnight at 68°C with 
constant rotation. Next day, the membrane was washed 3x 30 minutes with prewarmed washing 
buffer (2xSSC, 0.1% SDS) at 68°C with constant rotation to reduce unspecific binding 
background. Afterward, the membrane was dried at room temperature and wrapped with plastic 
foil.  
Detection of hybridization signal by autoradiography 
The P-32 emits high-energy ß-particles that can easily be detected by autoradiography. To set up 
the exposure, the membrane was taped to a piece of Whatman 3MM paper and placed in a 
cassette. An autoradiography film, MR film, was placed over the membrane and covered with an 
intensifying screen. The cassette was closed and stored at -80°C. Genomic DNA hybridization 
requires longer exposure time than PCR product hybridization. The usual exposition times were 7 
days and 30-120 minutes for genomic DNA and PCR products, respectively. After the exposure 
was complete, the film was taken out and developed by Curix 60 film processor machine.  
  
4.20 DNA amplification with phi29 DNA polymerase 
Phi29 DNA polymerase is a replicative polymerase isolated from Bacillus subtilis phage phi29. 
The enzyme exhibits exceptional strand-displacement and processive synthesis properties. It has 
also inherent 3’-5’ proofreading exonuclease activity (Blanco et al, 1989; Esteban et al, 1993). 
The enzyme is able to amplify from both circular and linear DNA templates at 30°C, and the 
primers are required to be exonuclease-resistant (Dean et al, 2002; Hutchison et al, 2005).  
 
In this work, phi29 DNA polymerase, in combination with random hexamer, was used to 
amplified linear DNA template (called multiple displacement amplification, MDA) and circular 
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DNA template (called rolling circle amplification, RCA). To make the random hexamer resistant 
to exonuclease activity, it was modified with phosphothioate at the 3’ end (Hutchison et al, 2005). 
The reaction conditions of both MDA and RCA were identical except for the nature of template 
DNA. The products of MDA and RCA are high molecular weight linear DNA and high molecular 
weight linear concatameric DNA respectively. The DNA may reach up to 70 kb long.  
 
The reactions were carried out at 20 !l final volume. The maximum volume of template DNA was 
limited to 3 !l. The volume of the template DNA was brought to 3 !l by adding UltraPure water. 
First, the template DNA was mixed with 1 !l 500 pmol/!l random hexamer (phosphothioate 
modified at 3’ end) and 1 !l 5xAnnealing buffer. The reaction was mixed by pipetting and 
denatured at 95°C for 3 minutes and immediately left on ice for 2 minutes. The polymerase started 
by adding 2 !l 10xBSA, 2 !l 10xPhi29 buffer, 5 !l 10 mM dNTP, 1 !l phi29 DNA polymerase 
(Fermentas) and 5 !l UltraPure water. The reaction was incubated at 30°C for 16 hours, then 
inactivated at 65°C for 10 minutes. The quality of the amplified DNA products was observed by 
running a 1-!l aliquot on 1% agarose gel together with lamda-DNA/HindIII marker. The products 
should distribute mostly between 23 kb band and the 2 kb band of the DNA marker. 
 
4.21 Preparation of pBluescript (pBS) vector for cloning at EcoRI 
To prepare the pBS vector for cloning at the EcoRI site, 12 !g pBS was digested with 140 U 
EcoRI in 100 !l reaction volume. The linearized vector was purified by phenol/chloroform-
chloroform extraction and later precipitated with sodium acetate and ethanol. In brief, 1 volume of 
phenol/chloroform solution was added to the digestion reaction. The mixture was vigorously 
shaken for 15 seconds and centrifuged at 13000 for 5 minutes. The upper aqueous layer was 
collected in a new tube, and 1 volume of chloroform was added. The reaction tube was vigorously 
shaken for 15 seconds and centrifuged at 13000 rpm for 5 minutes. The upper aqueous phase was 
collected in a new tube and the plasmid DNA was precipitated by addition of 0.1 volume 3 M 
sodium acetate (pH 5.2) and 2.5 volumes of ice-cold absolute ethanol. The tube was incubated at -
20°C for 1 hour before centrifuged at 13000 rpm for 20 minutes. The DNA pellet was washed 
with 300 !l ice-cold 75% ethanol. The air-dried DNA pellet was resuspended in UltraPure water.  
 
The linearized pBS was dephosphorylated to prevent self-ligation. Briefly, a 4 !g aliquot of the 
linearized pBS was added with 5 !l 10xCIAP buffer, 5 !l CIAP (1 U/!l) and UltraPure water to 
final volume of 50 !l. The reaction was incubated at 37°C for 2 hours before inactivated at 85°C 
for 20 minutes. The reaction was purified by phenol/chloroform-chloroform extraction and later 
precipitated with sodium acetate and ethanol, as described above. The dephosphorylated EcoRI-
  Materials and methods     135 
 
linearized pBS vector was resuspended with 12 !l UltraPure water and stored at -20°C prior to 
use.   
 
4.22 ASP16 strategy for HPV16 integration analysis 
The newly developed ASP16 strategy for HPV16 integration analysis in cervical scrapes (Xu, 
2010) consists of four major steps: (1) whole genome amplification, (2) HPV16 DNA enrichment, 
(3) high-throughput DNA sequencing using the Roche/454 Genome Sequencer FLX, and (4) data 
analysis. 
 
4.22.1 GenomePlex whole genome amplification 
Since DNA of clinical samples was only available in nanogram amounts, the genomic DNA 
samples were amplified with GenomePlex whole genome amplification kit (GenomePlex WGA2 
kit, Sigma Aldrich) to provide a library of amplified DNA fragments. In the GenomePlex WGA 
method, the DNA is first chemically fragmented, then GenomePlex universal adapters are added 
to both ends of the fragmented DNA molecules to create template molecules for library 
amplification, and the complete library is obtained by PCR amplification of these template 
molecules. Such library is called OmniPlex library. As the result of fragmentation, the OmniPlex 
library contained amplified DNA molecules with size distribution between 200 bp - 1.5 kb. The 
GenomePlex amplification was carried out according to the manufacturer’s manual. The 
minimum template DNA was 10 ng. Generally for clinical DNA samples, 10-50 ng DNA were 
used for templates. The entire incubation process was carried out on a Thermocycler PTC-200 
machine. 
 
4.22.2 HPV16 enrichment from GenomePlex DNA libraries 
The enrichment of HPV16 DNA was carried out in three steps: linear amplification of HPV16 
DNA, isolation of HPV16 DNA via biotin-streptavidin, and HPV16 semi-nested PCR. In this 
study, the HPV16-specific linear amplification and semi-nested PCR were performed as multiplex 
amplification reactions. Four amplification sets were performed for each DNA sample during both 
of these steps. Each amplification set consisted of a combination of 7-8 HPV16 primers. Primers 
are listed in section 4.7.4 (Table 4.4, Table 4.5 and Table 4.6). 
 
HPV16 linear amplification by primer extension 
Thirty-two 5’-biotin-labeled HPV16-specific forward primers, located in the E1-E2 region (see 
Figure 2.33), were used in this step, dividing into four groups of primer mixes. See Table 2.14 in 
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Results section 2.2.2.3 for primer combinations of the four mixes. Four linear amplification 
reactions were setup for each DNA sample, each reaction containing one of the four primer mixes, 
respectively. In the primer mixes, each biotin-labeled HPV16 primer had a concentration of 0.1 
!M. Linear amplification was carried out in 50 !l reaction volume, using Taq DNA polymerase 
(Invitrogen).  In brief, 2.5 !l GenomePlex library was mixed with 5 !l 10xreaction buffer without 
MgCl2, 3 !l 50mM MgCl2, 1 !l dNTP (10 mM each), 8 !l biotin-labeled HPV16 primer mix, 0.5 
!l Taq DNA polymerase and 30 !l UltraPure water. The polymerization reaction was carried out 
for 45 cycles. The amplification products were single-stranded HPV16 DNA with biotin-labeled 
at the 5’end of the DNA strand. The cycle conditions are described below: 
  1. Initial denaturation   95°C, 2 min 
  2. Denaturation    94°C, 30 s 
  3. Annealing    60°C, 75 s 
  4. Elongation    72°C, 40 s 
  5. Repeat steps 2-4 for another 44 cycles 
  6. Cooling     4°C, forever 
 
Isolation of HPV16 DNA with biotin-streptavidin system 
The biotin at the 5’end of each HPV16 single-stranded DNA molecules allowed easy isolation of 
these molecules with streptavidin-coated magnetic beads. BioMag streptavidin beads 
(Polysciences) were used. Briefly, a 75-!l aliquot of suspended BioMag streptavidin beads (1 
mg/ml) was transferred to a 1.5-ml tube. The tube was placed in a magnet and incubated for 1 
minute, allowing the beads to concentrate at one side of the tube. The supernatant was discarded 
and the tube was removed from the magnet. To wash the beads, they were resuspended in 100 !l 
2xBinding buffer (40 mM Tris-HCl, 2 mM EDTA, 2 M NaCl, 0.1% Tween20, pH 7.8 in DEPC 
water), separated from supernatant on the magnet, and resuspended again in 50 !l 2xBinding 
buffer. A total 50 !l reaction from the linear amplification step was added to the bead suspension, 
mixed by pipetting, and incubated for 15-30 minutes at room temperature with occasional 
agitation. The biotin-labeled HPV16 DNA molecules bound to the beads, while the background 
genomic DNA did not. The HPV16-DNA-bound BioMag beads were placed on the magnet, 
incubated for 1 minute and the supernatant was discarded. The beads were washed twice with 150 
!l 1xWash buffer (20 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, 0.05% Tween20, pH 7.8 in DEPC 
water), then three times with 150 !l 1xTE buffer (in DEPC water). The beads were resuspended in 
30 !l 1xTE buffer and stored at -20°C. 
 
HPV16 semi-nested multiplex PCR 
The isolated single-stranded HPV16 DNA molecules were amplified by multiplex PCR, 
generating amplified double-stranded HPV16 DNA as the products. To make the PCR products 
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compatible for GS-FLX sequencing, Roche-A and Roche-B adapters were required at both ends 
of each DNA molecule. As forward primers, nested HPV16 primers, fused with the Roche-A 
sequence at the 5’end, were used (RA_HPV16, see Table 4.5). The reverse primers contained the 
Roche-B sequence at the 5’ end, followed by 4-nt barcode and then the GenomePlex universal 
adapter sequence (RB-B01 to -B24, see Table 4.6). For each DNA sample, the nested HPV16 
primers were assembled in four groups and used in four separate multiplex PCR reactions. For 
each DNA sample, one reverse primer with a unique barcode was used. See Table 2.14 in Results 
section 2.2.2.3 for primer combinations of the four reactions. The multiplex PCR was carried out 
in 50 !l reaction volume, using Qiagen multiplex PCR kit, according to the manufacturer’s 
manual. Briefly, a 2.5 !l aliquot of each purified single-stranded HPV16 DNA product from 
previous step was mixed with 25 !l 2xQiagen multiplex PCR master mix, 2.5 !l of corresponding 
20xRA_HPV16 primer mix (2 !M each), 1 !l 10 pmol/!l RB-Barcode-GPUA primer (unique for 
each DNA sample) and 19 !l UltraPure water. The cycle conditions are described below: 
  1. Initial denaturation   95°C, 15 min 
  2. Denaturation    94°C, 30 s 
  3. Annealing    60°C, 75 s  
  4. Elongation    72°C, 1 min 
  5. Repeat from step 2 for another 34 cycles 
  6. Cooling     4°C, forever 
The quality of the multiplex PCR products was determined by running 3-!l aliquots on agarose 
gels. By blotting the gel and hybridizing with an HPV16-specific probe, the specificity of the 
multiplex PCR products was determined.  
 
4.22.3 Size selection of HPV16 multiplex PCR products  
In experiment ASP16-4, it was attempted to limit the size distribution of the multiplex PCR 
product to 200-300 bp, using the E-Gel SizeSelect system (Invitrogen). The procedure was carried 
out according to the manufacturer’s manual. Each multiplex PCR product was loaded on a single 
well of E-Gel SizeSelect. The E-Gel contained 2% agarose with dye that allowed real-time 
visulization of DNA migration. Smear portions of the desired DNA size were collected from the 
collecting wells by directly pipetting the solution out. The quality and specificity of the smear 
portion of each multiplex PCR products were determined by agarose gel electrophoresis and 
Southern hybridization with HPV16 probe. The four size-selected aliquots of each DNA sample 
were pooled in equal amounts, approximately 100 ng each. The mixture was concentrated by 
precipitation with 3 M sodium acetate (pH 5.2) and ethanol, and dissolved in 100 !l TE. The 
concentration and quality of the pooled amplicons was measured with NanoDrop, before it was 
sent to DKFZ Genomics and Proteomics Core Facilities for sequencing. 
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4.22.4 Roche/454 GS-FLX pyrosequencing 
The amplicons were sequenced by the Roche/454 GS-FLX pyrosequencing. One of the two 
regions on 70x75 picotiter plate was chosen for sequencing platform. According to the 
manufacturer, the selected sequencing format can generate, per each sequencing round, up to 
210000 sequence reads of up to 250 nt in length. Individual amplicon molecules were amplified 
by emulsion PCR (emPCR) before they were sequenced on the sequencing platform (more details 
can be found at http://www.454.com/). In this work, Roche-B was used as the sequencing primer. 
This resulted in sequence reads starting from the 4-nt barcode sequence, followed by GenomePlex 
universal adapter, then the amplicon sequence, and then the nested RA-HPV16 primer sequence at 
the end. The outputs were generated as a list of FASTA sequence reads. 
 
4.22.5 Data analysis 
Each Roche/454 GS-FLX run generated up to 210000 single sequence reads. This required initial 
automatic data analysis and manipulation. Writing a suitable set of programs to analyze ASP16 
sequence data using Perl programming language was an essential part of this PhD work. The 
details are presented in Results and Discussion sections. Shortly, the output FASTA sequence 
reads from GS-FLX sequencing were sorted into sample groups according to the 4-nt barcodes. 
Then for each sample group, the programs analyzed and selected only informative sequence reads 
into output lists. These selected sequences were aligned with Clustal algorithms, and then re-
edited for easier visualization. The sequence and sequence alignment outputs can be viewed and 
manipulated with any sequence editor software. In this work, HUSAR and Geneious Pro were 
employed. The programs then proceeded to calculate and generate basic statistical data, of which 
the outputs were written in tab-delimited format that may be open in Microsoft Excel or similar 
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$
i
n
s
o
r
t
l
i
n
e
[
2
]
;
 
 
 
 
 
 
 
 
 
 
m
y
 
@
o
r
i
g
N
a
m
e
T
e
m
p
 
=
 
s
p
l
i
t
 
(
/
 
/
,
 
$
r
c
[
(
$
s
e
q
N
u
m
*
2
)
]
)
;
 
 
 
 
 
m
y
 
$
e
x
t
r
a
N
a
m
e
 
=
 
s
u
b
s
t
r
 
(
$
o
r
i
g
N
a
m
e
T
e
m
p
[
0
]
,
 
1
)
;
 
 
 
 
 
p
r
i
n
t
 
O
U
T
 
$
b
a
r
c
o
d
e
N
a
m
e
.
"
_
"
.
$
p
r
i
m
e
r
N
a
m
e
.
"
_
"
.
$
s
e
q
N
u
m
.
"
_
"
.
$
e
x
t
r
a
N
a
m
e
.
"
\
n
"
;
 
 
 
 
 
p
r
i
n
t
 
O
U
T
 
$
r
c
[
(
$
s
e
q
N
u
m
*
2
)
+
1
]
;
 
 
 
 
 
 
 
 
}
 
e
l
s
i
f
 
(
$
i
n
s
o
r
t
[
$
s
]
 
=
~
 
/
^
>
H
P
V
1
6
R
_
(
.
*
)
$
/
)
 
{
 
  
 
 
 
p
r
i
n
t
 
O
U
T
 
$
i
n
s
o
r
t
[
$
s
]
;
 
 
 
 
 
p
r
i
n
t
 
O
U
T
 
$
i
n
s
o
r
t
[
$
s
+
1
]
;
 
 
 
 
 
 
 
 
}
 
e
l
s
e
 
{
 
n
e
x
t
;
 
}
 
  
 
}
 
 
 
 
 
 
 
c
l
o
s
e
 
O
U
T
;
 
 
  
 
m
y
 
$
o
u
t
p
a
t
h
 
=
 
$
o
u
t
p
a
t
h
p
r
e
f
i
x
.
$
$
p
r
i
m
L
i
s
t
[
$
p
]
.
"
/
"
;
 
 
 
m
y
 
$
o
u
t
F
i
l
e
N
a
m
e
T
w
o
 
=
 
$
o
u
t
p
a
t
h
.
$
i
n
p
r
e
f
i
x
.
"
_
"
.
$
p
r
e
f
i
x
.
"
_
A
L
I
G
N
E
D
_
S
O
R
T
E
D
_
F
a
s
t
A
_
F
U
L
L
S
E
Q
"
;
 
 
 
m
y
 
$
c
o
m
m
a
n
d
1
 
=
 
"
c
p
 
"
.
$
o
u
t
F
i
l
e
O
n
e
.
"
 
"
.
$
o
u
t
F
i
l
e
N
a
m
e
T
w
o
;
 
  
 
s
y
s
t
e
m
 
(
"
$
c
o
m
m
a
n
d
1
"
)
;
 
  
}
 
}
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